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Stocking density can be manipulated by management factors including herd size, pasture 
size, and grazing period length. Ultrahigh stocking density (mob grazing) is commonly 
characterized at 200,000 kg animal live weight ha-1 or higher with multiple movements of 
livestock per day.  Practitioners claim increased plant production, soil development, and nutrient 
cycling rates because of high trampling percentages resulting from ultrahigh socking densities.  
This study was conducted on subirrigated meadow in the Nebraska Sandhills in 2012 and 2013 to 
determine grazing method effect on annual root production and litter decomposition.  Stocking 
rates were held constant while stocking densities varied by treatment. Treatments included two 
replications of mob grazing (202,000 kg ha-1), 4-pasture rotation grazing (4-PR-1) (6700 kg ha-1), 
continuous grazing (5000 kg ha-1), and an ungrazed control.  Cattle grazed for 60 days from early 
June to early August.  Each May, 12 soil cores (5 cm diameter x 15 cm depth) per treatment 
replication were taken and roots removed. Root-free soil was placed in mesh cylinders of the 
same dimensions as the cores and inserted into the cores in the field. The mesh cylinders were 
excavated in November and roots separated from soil, dried, and weighed.  Mob grazing did not 
increase root production. The control contained 60% more annual root biomass (P < 0.05) than 
grazing. In June and July, wire mesh bags containing 1.5 g of stem and leaf material of 
	  
	  
	  
	  
quackgrass (Elymus repens L.) were placed at eight locations in the mob, 4-PR-1, and control.  
Bags were placed on the soil surface either in grazing exclosures measuring effects one year after 
grazing or in a mob-grazed paddock immediately following grazing.  Four samples were retrieved 
per replication after 1, 5, 9, 21, and 46 weeks.  Samples were dried and weighed to determine 
biomass disappearance and decomposition rate. The dried samples were analyzed for nitrogen 
(N), carbon (C), and Neutral Detergent Fiber (NDF) contents.  Mob grazing did not affect 
decomposition rate, N or C levels, or fiber.  Month of placement differed in all variables with 
June placements decomposing faster, had lower C, higher N, and lower fiber.  
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Introduction 
 The development of grazing management by range managers has been driven by the desire to 
sustain efficient use of forage for human use, primarily via livestock consumption.  This drive has led to 
grazing systems managed for botanical composition focused on producer goals of restoring plant vigor, 
uniform utilization, and increasing animal performance (Stoddart, et al. 1943).  A shift toward increased 
use of ultrahigh stocking densities has become a focus of many practitioners. Shorter grazing periods and 
increased focus on recovery length have resulted in a practice termed “mob grazing.” This technique uses 
stocking densities of 200,000 kg ha-1 or higher and multiple movements of livestock from pasture to 
pasture per day (Gompert 2010).  Proponents of the practice claim increased plant production, soil 
development, and nutrient cycling rates because of high trampling percentage, a result of ultrahigh 
stocking densities (Savory, et al. 1980).  At such high densities, animal distribution is more even across 
the pasture.  Plant material which is not consumed by the animal is more likely to be trampled into the 
soil (Hart, et al. 1993).  Trampling speeds up nutrient cycling and decomposition of the litter, resulting in 
more fertile and active soils which in turn produce increased vegetation production (Li, et al. 2011).  Our 
experiment has been set up to test these claims made by practitioners, particularly the impact of mob 
grazing on litter decomposition and plant production.  We hypothesized that as an indicator of plant vigor, 
there should be an increase annual root production in mob grazing treatments.  We also hypothesized that 
mob grazing should result in a more active microbial community resulting in increased rates of litter 
decomposition in the mob grazing treatments. 
 A large portion of plant biomass is belowground. This unseen portion of the plant plays an 
important role in the plant’s handling of stressors and is a good indicator of plant health (Weaver 1930).  
Each year a healthy plant will allocate a large portion of its carbohydrate reserves to producing new roots. 
A grassland plant typically turns over 50% of its roots through the course of a year, producing new roots 
to replace those, which are lost (Gill, et al. 2000).  This growth can be used as a factor for comparing 
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plant vigor. More robust plants will produce a larger root system to support aboveground growth. Smaller 
root system may actually limit aboveground production.  Both the soil medium (Milchunas and Lauenroth 
1989), and stresses such as grazing (Matches 1992) impact root systems growth. 
 To develop nutrient rich soils for healthy plant growth, inputs such as organic matter must occur. 
Plant litter must reach the soil surface then undergo the process of decomposition before nutrients may be 
released into the soil for use by plants (Xiong, and Nilsson 1999).  This process is facilitated by soil 
microbial communities (Pineiro, et al. 2010).  Microbes break down chemical bonds and structures of 
plant residues for either energy or cellular growth.  During this process, and upon their death, nutrients are 
released to the soil for uptake by plant roots.  Microbes may stay dormant for extended periods of time 
waiting for optimal conditions to arise for decomposition to commence. Thus, soils with a steady and 
large inflow of raw carbon (C) and nitrogen (N) sources should support a more robust and active soil 
microbial community.  Studies have shown that litter under moderate stocking rates tends to decompose 
at a faster rate than high or low stocking (Shariff, et al. 1994). Moderate to light grazing has been shown 
to increase soil C and N levels over that of heavy stocking or no grazing (Liu, et al. 2012).  Soils 
impoverished in C often have fewer microbes present, resulting in longer decomposition times of 
materials. The addition of moderate grazing may improve decomposition, especially N cycling (Shariff, et 
al. 1994).  
The processes of root growth and litter decomposition in grasslands are complex, both influenced 
by a variety of factors.  The effect of stocking density is only one part of this puzzle. With the benefits of 
mob grazing being touted by practitioners, we have been seeking out the actual influence of mob grazing 
on root growth and litter decomposition should lead us one step closer to understanding the dynamic 
nature of rangelands.   
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Chapter 1: Literature Review 
The Nebraska Sandhills 
 The Sandhills region of Nebraska is one of the largest, contiguous, unplowed grasslands in the 
United States. The area is comprised of 5.2 million ha of rangeland located in the north central portion of 
the state (Potvin and Harrison 1984).  The area is also one of the largest grass-stabilized sand dune 
regions in the world.  Dunes may be as high as 120 m, stretching over 32 km, and having slopes as steep 
as 25% (Bleed et al. 1989).   
The region is semiarid with a continental climate (Potvin and Harrison 1984).  Mean precipitation 
in the east is approximately 55 cm with 75% occurring in the growing season between April and 
September.  That of that which falls during the growing season, 50% falls during the late spring and early 
summer during May, June, and July.  This rainfall is usually the result of low pressure disturbances and 
the resulting convection of warm air in the region, which shift north later in July (Wilhite et al. 1998).  
Rainfall in the region may be poorly distributed spatially and change radically within short distances 
(Weaver et al. 1939). Winter precipitation is usually snow, falling from October through March. Drought 
in the region is a fairly common occurrence, though much variance is present in length and intensity. 
Winds in the region blow primarily from the north and northwest (Wilhite et al. 1998). 
The Sandhills region was at one time a prehistoric inland sea.  The marine sediments created the 
base for the Sandhills as we know them today.  About 37 million years ago, streams crossing the area 
deposited another layer of alluvial sediments (Swinehart et al. 1998). The area as we see it today was 
formed from eolian sand mostly during the last 8,000 years (Bleed et al. 1989). Soils in the area are 
consistently sandy in nature.  Those on dune crests tend to have shallow A horizons with low amounts of 
organic matter.  In interdune subirrigated meadows, these soils will have dark topsoils due to the greater 
abundance of moisture and vegetation leading to increased soil organic matter in the surface horizon. In 
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both cases, subsoil development is usually lacking (Lewis 1998). A variety of dune types are seen though 
out the region, all of which are subject to wind erosion, resulting in areas deemed blowouts (Swinehart 
1998).  Blowouts are of particular issue on steeply sloping sites facing the northwest.  They are usually 
conical or irregularly shaped depressions that range in size from a few square meters to over 100 ha. 
(Stubbendieck 1998). Between dune ridges are areas of varying shape and size called interdunes.  These 
areas serve as areas of deposit for windblown material, as well as sites for ephemeral lakes.  In wetter 
areas where the water table is at or above the soil surface, interdune regions may become lakes, streams, 
and marshes (Swinehart 1998). Dune ridges typically run in a northwest to southeast direction (Pool 
1914). 
Hydrology in the Sandhills is rather unique to the region.  Despite the high potential for 
evapotranspiration and input into the region is mostly limited to precipitation, water is relatively plentiful. 
The region sits on top of the High Plains or Ogallala Aquifer formation, a mixture of sands, gravels, 
sandstones, slits and clays, which form a number of semi-confined underground aquifers.  Distance to this 
water may be close to 100 m on the top of a tall dune, 30 m in a dry interdune valley, or right below the 
surface in subirrigated meadow valleys.  In some places the water table may be below the soil surface 
some of the year (as in subirrigated meadows) or be there permanently, resulting in lakes, and marshes.  
The depth to water generally decreases from the west to east (Bleed 1998). Water drains from the 
Sandhills in constantly flowing spring feed rivers (Bentall 1998) 
 The Sandhills are a mixed grass prairie with a mixture of dominant tall, short, and sand tolerant 
grasses.  The majority of grass species in the region are warm-season (C4) species; with an intermixing of 
cool-season (C3) species present (Potvin and Harrison 1984).  Upland sites are dominated by warm-
season grasses such as little bluestem (Schizachyrium scoparium (Michx.) Nash), prairie sandreed 
(Calamovilfa longifolia (Hook.) Scribn.), sand bluestem (Andropogon hallii Hack.), switchgrass 
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(Panicum virgatum L.), sand lovegrass (Eragrostis trichodes (Nutt.) Alph. Wood), and blue grama 
(Bouteloua gracillis (Willd. ex Kunth) Lag. ex Griffiths). The diverse group of forbs and shrubs on 
upland sites typically account for less than 15% of herbage production but are typically found throughout 
the landscape (Adams et al. 1998). 
Sandhills Subirrigated Meadows 
 Subirrigated sites occur on almost level bottomlands, basins, foot slopes, and stream terraces 
(Schacht et al. 2009). These formations make up approximately 10% of the Sandhills area (Schacht et al. 
2000). These meadows can be 1-2 km in width and up to several kilometers in length (Pool 1914). 
Subirrigated meadows are characterized by a water table that stays within 25 to 150 cm of the soil surface 
during the majority of the growing season (Schacht et al. 2009).  Soils for meadows are typically 
composed of fine sand mixed with slit, clay, and organic matter (Kaul 1990). The official soil 
classification is mixed mesic Typic Haplaquolls (Adams et al. 1998).   
Native warm season grasses such as; big bluestem (Andropogon gerardii Vitman), switchgrass, 
indiangrass (Sorghastrum nutans (L.) Nash), and prairie cordgrass (Spartina pectinata Bosc ex Link) 
historically dominated the plant community (Stubbendieck 1998).  These species were often intermixed 
with a variety of sedges (Carex spp. and Cyperus spp.), rushes (Scirpus spp.), and spikerushes 
(Eleocharis spp.).  Following settlement, introduced cool-season grasses have been seeded onto these 
sites to improve hay quality or have invaded these meadows from surrounding areas.  These include 
smooth bromegrass (Bromus inermis Leyss.), redtop bent (Agrostis gigantea Roth), timothy (Phleum 
pratense L.), slender wheatgrass (Elymus trachycaulus (Link) Gould ex Shinners), quackgrass (Elymus 
repens (L.) Gould), and Kentucky bluegrass (Poa pratensis L.).  A variety of introduced (red clover 
(Trifolium pretense L.) and white clover (Trifolium repens L.)) and native forbs are also present on these 
sites. 
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Subirrigated Meadow Use 
Subirrigated meadows in the Sandhills have been used for hay production since the early 1900s.  
Hay production may reach up to 8,000 kg ha-1 of air dry forage, but is normally around 5,000 kg ha-1  
(Volesky et al. 2004).  Harvest of hay occurs in early July through early August as the cool season 
dominated meadows reach maturity and the water table of meadows drops allowing equipment access 
without danger of getting stuck. Crude protein of this hay is normally around 6-8%.  This is below the 
requirements of lactating cows, to which the hay is normally fed through the late winter until spring 
grazing commences in late May. (Horney et al. 1996).   Meadows may be impossible to hay in the early 
spring due to high water tables (Volesky et al. 2004).  While earlier harvest of the forage may not be 
possible across meadows as a whole due to the saturated soils, those forages that can be reached generally 
produce higher nutritive value hay. This however comes with carries the side effect of a reduction in 
quantity (Worrell et al. 1986).  Early cutting of forage flowed by a second cutting of regrowth has been 
shown to increase crude protein levels to 15% (Adams et al. 1998). 
In conjunction with hay production, fall grazing of meadows has also been a common practice 
found in the region.  Grazing on regrowth or “aftermath” that was produced after the hay harvest is often 
utilized by weaned calves or by dry cows after weaning in the fall. Grazing may continue into the winter 
months for cows. The higher nutritive value of the regrowth after haying can result in significant impacts 
on the health and growth of cows and calves. Cows grazed late season meadow regrowth or upland range 
from September 7 to November 7.  Nonlactating cows grazing regrowth gained significantly more body 
condition and weight than cows grazing upland range. Lactating cows maintained condition compared to 
those lactating cows on upland range, which over the course of the study, lost condition. Calves that were 
weaned at the end of the study (November 7) had gained 28.8 kg calf-1 more than calves of cows grazed 
on uplands (Lamb et al. 1997). Other studies show that grazing of breed cows on subirrigated meadows 
during the winter combined with early spring meadow grazing (May), while not increasing body 
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condition score, saved on hay usage and did not have an effect on calving percentage (Adams et al. 1994).  
A study conducted to compare weaned calf performance on windrow grazing of hay and bale feeding 
during a November to January grazing period, contributed an increase in calf performance under the 
windrow treatment to high quality regrowth after hay harvest in the meadow.  Those calves that were bale 
fed were fed in a dry lot and did not have access to this regrowth (Volesky et al. 2002). 
Grazing of hay meadows has recently become popular as a way to utilize meadow forages at a 
time when their nutritive value is high and cattle nutrient requirements are high.  Grazing meadows in 
May by April- or May-calving cows is an excellent strategy for matching the high quality forage of 
meadows with the high nutrient requirements of lactating cows (Adams et al. 1996).  The abundance of 
moisture in meadow systems also provides high levels of production and resilience relative to the harsher 
conditions of the surrounding uplands; therefore heavier stocking rates on subirrigated meadows are 
appropriate.  Stocking rates of 296 AUD ha-1 have been proven to be optimum for maintaining meadow 
health while utilizing forage efficiently (Volesky et al. 2004). Overgrazing of meadow, while possibly not 
resulting in the extreme degradation seen on more fragile sites, may result in shift in species composition 
and a decrease in herbage production (Volesky et al. 2004).   Early grazing of meadows may also delay 
forage maturity, allowing practitioners to harvest higher quality hay by harvesting less mature forage 
when the meadows allow for hay production in July (Horney et al. 1996).  Work at the UNL Gudmunsen 
Sandhills Laboratory suggests that early grazing of meadows may provide a high quality early forage 
source for animals, as well as a good forage source if regrowth following haying is grazed (Adams et al. 
1998).  Body condition scores of cows grazing meadows with their nursing calves early in the spring 
(May 10 to June 10) was 0.41 greater than lactating cows fed a full ration of hay in calving lots.  This 
improvement in the cow was mirrored in the nursing calf, which gained 6.8 kg head -1 more calves on 
cows fed hay in lots from May 10 to June 10 (Horney et al. 1996). In a similar study, researchers found 
that grazing meadows May 1 to June 1 increased the weaning weights of calves born that spring by 5.0 kg 
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calf-1. May grazing also showed economic returns, enhancing the probability of all wintering systems 
(hay, upland grazing, meadow grazing) tested (Adams et al. 1994). 
Grazing Systems 
 Range management has its roots in nomadic tribes of early humans that raised grazing livestock 
as their primary livelihood.  The introduction of livestock to North America began with the Spanish in 
1521 (Stoddart et al. 1943).  From there, this introduction to the new world, livestock, particularly cattle 
and to a lesser extent sheep and horses, spread across the United States.  This occurred either by escaped 
animals that became “wild” or coupled with the expansion of Europeans across the continent with little 
oversight or management in their grazing (Klipple and Costello 1960). Following huge herd losses due to 
overgrazing and a disastrous set of winters in the 1880’s, the U.S. Department of Agriculture began to 
conduct research on rangelands in the 1890’s. It is out of these early struggles that the discipline of 
rangeland management has grown (Stoddart et al. 1943). 
 The development of grazing systems came out of producer’s objectives of restoring vigor of 
forage plants, obtaining more uniform utilization, and increasing animal performance (Stoddart et al. 
1943). Because varying ecosystems have limits to their ability to withstand grazing, different techniques 
are employed to lessen this impact.  Factors such as climate, topography, soils, and to some extent 
vegetation are not readily influenced by humans.   However, those factors affecting the grazing animal 
itself can be controlled.  Grazing density, the number of livestock grazing per unit area, can impact forage 
utilization, soil quality, and range health.  Higher density grazing tends to increase forage utilization by 
creating more uniform use across the grazing area.  Sustained high density may cause soil compaction, 
increased trampling of forages, and if over utilization occurs, reduced production (Stoddart et al. 1943).   
Fencing, herding, and placement of salt and water sources can all be used to impact animal density across 
rangelands. 
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Along with stocking density, timing of grazing is another important factor affecting vegetative 
growth.  Grazing grasses in a vegetative state often provides the most nutrient rich forage for a grazing 
animal, at the same time protecting the plant from undue grazing stress.  Vegetative tillers do have the 
drawback of not producing the quantity of forage that elongated and reproductive tillers do.  By shifting 
the season of grazing, different species are allowed time to grow, reproduce, and increase in vigor before 
the stress of grazing occurs (Stoddart et al. 1943).  Early season grazing (May and June), may favor 
warm-season species as they are still in a vegetative growth form, while cool-season species are in 
elongation or reproductive stages and encoring higher stress. Grazing during the peak growing period of 
warm-season grasses (July, August, September) reverses this trend, putting more stress on the growing 
grasses and little to none on the dormant cool-season species (Schacht et al. 2011). 
By rotating grazing of pastures and providing longer recovery periods, this stress on the forage 
may be minimized.  Preventing regrazing of plants that have been recently grazed and providing long 
periods of recovery may prevent undue stress on forage plants and allow adequate time for the plant to 
grow and increase vigor for the next grazing period (Holecheck et al. 2004).  The lengths of these 
recovery times and frequency of which grazing should be allowed to occur are often influenced on 
climate and the forage species (Holechek et al. 2004). 
 The simplest grazing system to use is continuous grazing, in which livestock are left yearlong on 
a parcel of land at an appropriate stocking rate (Stoddart et al. 1943).  Continuous grazing allows for 
forages to be utilized by livestock as they become palatable and has relatively light grazing pressures 
during the growing season (10 to 20%) as forage must be left to maintain animals in the dormant season 
(Holecheck et al. 2004). Seeking a way to provide recovery for grazed plants and to improve range 
conditions, other systems that involved rotational grazing was developed. Rotational grazing systems 
were developed subdividing and animals were rotated through the subunits during a defined grazing 
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season. Rotational systems may have a pasture grazed multiple times during a growing season, depending 
on the availability of regrowth produced following its initial grazing.  These systems allowed for better 
utilization of the available forage by decreasing distance to water and increased stocking densities, longer 
recovery periods and less distances for the animal to travel.  The order of grazing in rotational systems is 
often changed annually so that one pasture is not grazed at the same time every year, resulting in a shift in 
the plant community (Stoddart et al. 1943).  Deferred-rotation grazing systems delays grazing until 
desired species are able to reproduce and increase in vigor (Holecheck et al. 2004). This typically occurs 
in the late fall for warm-season grasses as they begin their winter dormancy. This system of grazing 
requires a multiple pasture system to rotate grazing through to allow deferment to occur in one pasture 
during a grazing season (Stoddart et al. 1943).  Similar to the deferred grazing system, rest-rotation 
grazing systems allow long periods of rest for one pasture per year in the rotation.  These systems differ 
by refraining from grazing the pasture for an entire year (Stoddart et al. 1943).  One toted benefit of the 
rest rotation system is its benefits to wildlife, by allowing the rested pasture as a refuge area (Holecheck 
et al. 2004). 
 Increasingly complex and intensively managed grazing systems continue to be developed.  High 
intensity/low frequency grazing utilizes 3 or more pastures with grazing periods of 2 weeks or longer.  
Recovery periods following grazing are at least 60 days, then regrazing of the pasture may occur. This 
system was developed for humid, flat grasslands, where ungrazed plants may become tall and 
unpalatable, thus little used by livestock during grazing (Holecheck et al. 2004).  Short-duration grazing 
or uses multiple small paddocks, more than high intensity/low frequency grazing, and frequent rotation 
(Stoddart et al. 1943).  Grazing periods are normally 5 days or less and 4 weeks or more of rest is given 
following each grazing.  Once all paddocks have been grazed, the rotation begins again, so multiple 
grazing periods may occur during one grazing season (Holecheck et al. 2004). This system is also best 
implemented in humid and sub-humid climates. Mob stocking, developed in New Zealand, utilizes 
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similar heavy use rotations with increased animal densities and shorter grazing periods (Stoddart et al. 
1943). This system requires multiple paddocks, high grazing intensity, long rest periods, and short 
grazing periods so that regrowth is not regrazed. All management intensive systems have claimed to 
increase stocking rates and improve pasture nutrient cycling and reseeding through hoof action (Hart et al. 
1993).  
 While grazing systems differ in their implementations and proposed benefits, the proven benefits 
seen between different systems are uncertain.   Differences in grazing practices often blurs the lines 
between different systems, and results from studies are varied (Stoddart et al. 1943). It can also be argued 
that grazing rotations are only a part of overall grazing management, and should be remembered as such 
(Taylor Jr. et al. 1993). Rotational grazing of large pastures has been shown, with its longer rest periods, 
to allow plants to recover from overgrazing that occurs under continual grazing systems when basal cover 
is focused on (Teague and Dowhower 2003).  However, this study by Teague and Dowhower 2003 did 
not look at actual biomass production.  When comparing 24 ha pastures intensively grazed and continuous 
as well as a 207 ha continuously grazed pasture, the only difference seen was between 24 ha pasture and 
the 207 ha pasture (Hart et al. 1993).  This led the researchers to believe that distance to water, not 
stocking density was of primary importance to range health.  A study in Wyoming showed that stocking 
rate not rotation was a larger driving factor behind cattle gains and range health.  No differences between 
continuous, deferred-rotation, and short-duration grazing systems were seen (Hart et al. 1988).  A 
synthesis and review of papers published on the effects of grazing system showed that in 87%, no 
differences in forage production occurred between treatments, and animal production was equal between 
treatments in 92% of papers reviewed (Briske et al. 2008). 
Still, some studies back up the benefits of grazing systems. In Alberta, animals grazed on a 
brome, alfalfa, fescue pasture gained better under rotational grazing than continuous.  Furthermore, 
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pastures grazed in a rotation produced more aboveground biomass and forage that was more nutritious 
(Walton et al. 1981).  
Grazing System Factors 
Stocking Density  
 Stocking density is defined as the “number of animal units (AU) per unit area at a point in time, 
often expressed as AU acre-1” (Schacht et al. 2011).  Often it is confused with stocking rate, which unlike 
density has a factor of time.  Stocking rate thus is the “number of AU per unit area for a specified period 
of time often expressed as animal unit month (AUM) acre-1” (Schacht et al. 2011).  Thus one can change 
stocking density without affecting stocking rate.  5 head of cattle on a 1 ha pasture for 1 month of time 
may have an initial stocking rate of 5 AUM ha-1.  If the cattle are allowed access to the entire pasture 
during that time, their stocking density would be 5 AU ha-1.  If the initial 1 ha pasture is crossfenced into 
4 pastures and the animals are rotated through these pastures over the 1 month grazing period, the 
stocking rate remains at 5 AUM ha-1. However, stocking density is now quadrupled as the animals are 
grazing 0.25 ha at a given point in time instead of 1, so density increases to 20 AU ha-1. 
 Stocking density is commonly given as a factor that can be used to increase heterogeneous 
grazing of a pasture. A study in which cattle were grazed on mountain meadows in Utah concluded that 
with intensive rotational grazing and deferred rotational grazing systems, heterogeneity of utilization 
increased with increased stocking density (Barnes et al. 2008). Under light stocking densities (1.8 animals 
ha-1) on fescue pastures, cattle were shown to graze in patches across the pasture, repeatedly regrazing 
already utilized areas.  When stocking density was increased to 4.1 animals ha-1, grazing patch locations 
became less stable (Cid et al. 1998). Research in the Kansas Flint Hills has shown that after 6 years of 
high stocking rates (3.8 ha AU-1), shifts in plant community occurred.  Researches saw a marked decrease 
in dominant tall grasses for mid height grasses began to occur (Hickman et al. 2004). 
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Not all studies agree that density has such an impact on the grazing animal. Sheep grazed on 
fescue and clover pastures in Oregon showed no difference in grazing efficiency between densities of 78 
to 380 ewes ha-1 in the early spring and 280 to 1,390 ewes ha-1 in the late spring when grazing period was 
held to a consistent 2 days (Ali et al. 1994). Studies on big bluestem and switchgrass in eastern Nebraska 
showed that stocking densities up to 54 steers ha-1 had no effect on forage plant selection or grazing 
distribution when compared with densities of 9, 18, and 27 steers ha-1 (Burboa-Cabrera et al. 2003). For 
plant net primary production (NPP) it may be that an optimum stocking density may provide the best 
grazing response as seen in a sheep grazing trial in Australia, where densities of 20 sheep ha-1 provided 
peak NPP for bulbous canarygrass and white clover pastures in comparison to densities of 10 and 30 
sheep ha-1 (Vickery 1972).   
Distribution 
Often the effects of stocking density are directly correlated with grazing distribution. Grazing 
distribution is the “distribution of animals during grazing over a management unit or area” (Schacht et al. 
2011).  Grazing distribution is often used to indicate if forage is evenly utilized across an area or if use is 
patchy.  Uneven distribution may lead to underutilization of areas while others are over utilized and in 
danger of degradation and erosion. Often it is assumed that better livestock distribution in a pasture will 
result in higher harvest efficiency (Savory et al. 1980). Other studies back this up noting that intensive 
rotational grazing systems can lead to more even grazing distribution depending on how adaptive the 
system is especially in terms of timing and frequency of grazing (Barnes et al. 2008).  
This improvement in distribution due to grazing system is not always seen.  In eastern Nebraska, 
no differences in grazing distribution were seen under stocking densities of 9, 18, 27, and 54 steers ha-1 
(Burboa-Cabrera et al. 2003).  A North Dakota study with a short duration grazing that was stocking 75% 
higher and 1400% denser than a repeated season long grazing treatment showed no differences in 
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distribution (Kirby et al. 1986). In Wyoming, pastures of equal size under either short-duration or 
continuous grazing had similar patterns of utilization while pastures of larger size showed patchier 
distribution (Hart et al. 1991).  This alludes to the fact that distribution is impacted primarily by pasture 
size, not grazing system.  Other factors such as quality and quantity of forage, distance to water, and slope 
also influence animal distribution (Bailey et al. 1996). 
Harvest Efficiency/Trampling 
 The quality and quantity of forage, which the animal receives, are two of the most important 
factors determining a grazing animal’s performance while on pasture.  The importance of harvest 
efficiency may play an important role in how much forage is actually consumed by an animal.  While the 
impact stocking density on harvest efficiency is debated, length of grazing period combined with density 
may play a role.  Sheep grazing on fescue grassland in Oregon showed at lower densities (78 to 280 ewes 
ha-1) and grazing periods of 10 days harvest efficiency was significantly higher than high densities (380 to 
1,390 ewes ha-1) and shorter grazing periods of 2 days.  Under the 10 day grazing period, harvest 
efficiency was highest during the last 4 days and lowest the first 2 (Ali et al. 1994).  In Oklahoma under a 
8 pasture short duration grazing system with 4 cycles per 152 day grazing season at high stocking rates of 
1.8x the recommended stocking, herbage disappearance increased than under lighter stocking with fewer 
cycles (Brummer et al. 1988).   
 In studies across the Great Plains and High Plains regions, heavy stocking pressures of 40 animal 
unit days (AUD) Mg-1 resulted in higher harvest efficiencies of 38% compared to only 14% under light 
stocking pressure of 14 AUD Mg-1. Across all study sites, medium stocking pressures of 24 AUD Mg-1 
had an average grazing efficiency of 50% and average harvest efficiency of 25% (Smart et al. 2010).  This 
means that in general under moderate stocking conditions, 50% of a plant is consumed.  Of this 50%, only 
25% of the plant actually ends up in the animal.  The other 25% is trampled, fouled, or may be used by 
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wildlife and insects (Schacht et al. 2011).   A study in Texas using stocking densities of 4.2 and 12.5 AU 
ha-1 under a 14- and 42-paddock rotational system respectively showed no difference in harvest efficiency 
between treatments (Heithschmidt et al. 1987). Another Texas grazing study showed under grazing 
pressures of 10, 20, 40, and 50 kg of forage AUD-1 were compared under a 14 day grazing period. Forage 
disappearance increased from 236 kg to 457 kg over the grazing trial; however intake and disappearance 
only coincided at the 10 kg AUD-1.  Under all other stocking pressures forage disappearance exceeded 
intake by 28, 48 and 90% for the 20, 40 and 50 kg AUD-1 treatments (Allison et al. 1982). This points out 
that under high stocking pressures, while harvest efficiency may increase; often greater percentages of the 
plant are being trampled and fowled.  
The role of trampling or hoof action in grazing systems is controversial.  Proponents claim that 
hoof action can improve water penetration and allow for greater grass seedling success (Savory et al. 
1980) as well as the breaking down standing dead material (Willms et al. 1980).  An increased 
incorporation of litter into and on the soil surface has also been championed (Goodloe 1969).  This litter 
dynamic has been proposed by some as a method for increasing nutrient cycling (Skovlin 1987) and 
improved forage production (Abdel-Magid et al. 1987). 
Critics of the method have opposing claims that trampling leads to decreased infiltration rates and 
increased bulk density in silty clay soils (Warren et al. 1986) and loamy soils (Abdel-Magid et al. 1987).  
The effects of increased bulk density seem to be negated on coarse textured soils (Haveren 1983). No 
difference in water infiltration due to compaction was seen in a Wyoming study comparing a short-
duration, deferred rotation, and continuous grazing system (Hart et al. 1991). The effects of trampling on 
the breaking down of standing dead material, specifically in bunch grass species such as crested 
wheatgrass (Agropyron cristatum) has also been challenged (Balph et al. 1985).  Whether short-duration 
grazing systems have improved forage production compared with continuous grazing systems under 
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similar stocking rates is also contested (Holechek et al. 2000; Heithschmidt et al. 1987).  While there is 
general agreement that increased stocking density increases the trampling of animals (Savory et al. 1980; 
Warren et al. 1986), its interaction with livestock performance is questioned.  An increase in search 
grazing was seen when a 42-paddock rotational grazing system was used when compared with a 14-
paddock system with equal stocking rates.  In this same study, animals spend more time trailing and had 
increased walking distances under higher the 42-paddock system as well (Walker et al. 1989).  This leads 
to questions of the benefits of intensive rotational systems on animal performance unless distance to water 
is impacted by smaller pastures (Hart et al. 1993). 
Frequency of Grazing 
 Another key factor associated with grazing systems is the frequency at which plants are grazed.  
Grazing plants more frequently along with timing of grazing may negatively impact the organic reserves 
of perennial species and decrease plant vigor.  On studies of prairie sandreed and sand bluestem, both C4 
species, early season grazing decreased reserves.  By grazing multiple times in June 38% of prairie 
sandreed and 30% of sand bluestem reserves were depleted (Reece et al. 1996). If this occurs over an 
extended period of time, overgrazing occurs and the pasture may shift in plant community toward one of 
undesirable species. Intensive defoliation at later growing stages may speed this shift, while light grazing 
early in the growing season may actually improve native species competitiveness (Rinella et al. 2009).   
More frequent grazing of individual tillers occurs under heave stocking rates than moderate.  Grazing 
systems may increase the possibility of repeated grazing, but are of much lower importance than stocking 
rate (Hart et al. 1993). While frequent grazing of plants without deferment for recovery can be 
detrimental, ample access to water (Volesky et al. 2004) and fertilization (Hik et al. 1991) may negate 
these impacts to an extent. 
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Plant Roots and Grazing 
  Plant root systems are vital in the plants growth as the roots provide stability, nutrient and water 
absorption, some propagation and storage.  As such, the knowledge of how ecological drivers affect root 
growth, sloughage, and maintenance is a field with much room for further exploration (Johnson et al. 
2001; Craine et al. 2002; Ingham and Detling 1984; Espeleta et al. 2009). This is made even more 
difficult as the study of roots in their natural environment seems to be a more prefered method of study 
where observation of roots in the soil becomes a physical limitation, instead of greenhouse studies where 
root access may be more readily accesable (Weaver et al. 1922).   
Root Environment 
 The soil environment in which roots grow is among one of the most complex and diverse 
on Earth (Weaver 1926). Soils are made up a variety of parent materials, acted upon by an assortment of 
environmental factors, over different lengths of time resulting in a cornucopia of different types.  This 
variability is one of a variety of factors influencing root development and functioning.  While varying 
greatly in their form, all soils provide an essential medium for plant growth.  The soil provides the plant 
growing in it physical support, water, protection from toxins, air, temperature moderation, and nutrients 
(Brady et al. 2002). Soil variability and function effect root development, often manifesting themselves in 
topographical position and may play a significant impact on root production (Milchunas and Lauenroth 
1989).  Differences in soil type and structure can also create differences in root biomass; in fact root 
characteristics can often be an indicator of soil conditions (Weaver 1926).  This difference however, is 
less important than the role management effects can play (Weaver 1950) and to an even greater extent, 
water (Weaver 1920). 
Many soil characteristics may influence root growth. Differences in soil type, bulk density, and 
structure may result in differences in roots from otherwise similar growing conditions (Tomanek and 
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Albertson 1957).   The physical impediment of root growth and expansion due to constricted soil pore 
space often is the underlying factor for these restrictions to root growth (Hettiaratchi et al. 1990). Soil 
temperature can also play a role in root growth and function.  At optimum temperatures root elongation 
may be maximized, while under cooler temps, the zone of cell division responsible for growth can be 
reduced by 20% and actual cell elongation reduced by 10% (Drennan et al. 1998).   Studies have shown 
that under low soil water potential, roots will cease to grow (Majerus 1975). The impact of soil moisture 
on root growth occurs upon germination.  Seedlings of Timothy (Phleum pretense L.), which are normally 
deep rooting, showed restricted rooting depth under water stress.  In contrast, those of orchardgrass 
(Dactylis glomerata L.) exhibited deeper rooting under water stress than those in well watered soils 
(Molyneus et al. 1983).  Differences in the soil chemical makeup may impact roots as well. In field and 
greenhouse studies, increased salinity in soils may result in enhanced rates of root death and subsequent 
lower root biomass (Snapp et al. 1992). Soil pH above or below the desired amount for a specific species 
has also been shown to result in lower root mass produced (Jurena et al. 1996). 
The area immediately surrounding the root is generally known as the rhizosphere.  This area is 
generally unique from the bulk soil in biochemical, chemical, and physical processes.  The exact area of 
influence the rhizosphere extends to from the root varies.  Depletion of phosphate may extend less than 1 
mm from the root surface while nitrate may be depleted for up to several cm away (Hinsinger et al. 2005). 
Plants influence the rhizosphere by changing root morphology, increasing nutrient transporters, and 
exuding organic compounds and protons in attempts to increase the availability of nutrients for uptake.  
This results in changes in the soil microbial community in the area surrounding the root (Rengel et al. 
2005).  The rhizosphere may also be wetter than the bulk soil, which may be attributed to the excretion of 
mucigel at the root’s cap increasing the water-holding capacity of the soil (Young 1995).  Often microbial 
numbers in the rhizosphere are much higher than those in the surrounding bulk soil.  The actual amount of 
increase depends upon the plant’s species and age (Zagallo et al. 1962).    
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The interaction between plant roots and the symbiotic fungi, mycorrhiza, also impacts the soil 
environment.  Mycorrhizal interactions with plants are often linked to phosphorus (P) uptake from the soil 
(Li et al. 1991). Mycorrhiza, especially arbuscular mycorrhiza facilitate nutrient uptake, increase drought 
tolerance, and affect plant growth of many plant species in return for energy from the host.  This 
relationship may be positive or negative toward the plant depending upon conditions (Skalova et al. 
1998).  This relationship can provide plants with a competitive edge in competition with other species and 
may play a role in plant densities (Hartnett et al. 1993).  The presence of mycorrhiza may actually lead to 
reductions in overall root biomass (Wurst et al. 2004).  This may do to a lower need of roots for nutrient 
uptake, or may be due to N competition between roots and the mycorrhiza (Wurst et al. 2004). 
Root Morphology and Types 
In rangelands the role of roots is ecologically important.  Belowground biomass is a main input of 
soil carbon (C) in grasslands, including the tallgrass prairie ecotype in eastern Kansas (Johnson and 
Matchett 2001).  Different species and their varying root types can have a large impact on the surrounding 
soil. Belowground plant tissues (including crowns and roots) often make up a large proportion of a plant’s 
overall biomass.  In studies done on shortgrass prairie communities, aboveground biomass averaged only 
approximately 10% of total plant biomass (Milchunas and Lauenroth 1989). Perennial grasses are 
typically classified as having a fine branching root system. The abundance of forb species in rangeland is 
seen above and below ground. While some forbs develop branching root systems like grasses, many forb 
roots are often less branched, coarser, and depending on species may have a thick central taproot.  In 
general, forb roots tend to reach deeper in the soil profile than grasses (Weaver 1961).    The roots of 
shrubs tend to be coarser still and penetrate almost double the depth into the soil that herbaceous plants 
are able, working through impeding soil layers such as hardpans and even bedrock (Canadell et al. 1996).    
Fine root masses in monoculture plots of grasses in Minnesota have been shown to decrease soil moisture 
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and inorganic nitrogen (N) concentrations in the soil solution (Craine et al. 2002). In all rooting types, 
root hairs play a large role in absorbance and are primarily limited to younger portions of the root 
(Weaver 1926). Nitrogen fertilization of grasslands across the central Great Plains has been shown to 
increase root branching and retard normal growth patterns, causing shallower root development 
depending on the placement of the nutrient layer in cultivated crops (Weaver et al. 1922). 
 Differences in root type and placement may occur between different classifications of plants as 
different species show differing abilities in their water use (Sala and Lauenroth 1985).  Tall grass species 
have been shown to have large, relatively deep root systems that are maintained for long periods of time, 
while short grass species have much finer root systems that is more shallowly distributed (Craine et al. 
2002).  Legumes exhibit a coarser root system with higher N concentrations and lower tissue density 
(Craine et al. 2002). Deep penetrating and spreading root systems are also noted in the tall grass prairie by 
Weaver (1920) while the short grass showed an increased abundance of shallow roots in addition to 
deeper roots. In fact, root production in the top 10 cm of the soil has been shown to be significantly 
higher in grasslands than forests (Moar et al. 2006). 
Root structure and composition can be affected by the root longevity.  Low order roots containing 
high levels of N normally have lower levels of cellulose but higher levels of lignin (Guo et al. 2004). Fine 
roots, which have a relatively long life, have high tissue density and low tissue N (Craine et al. 2002). 
This points to the fact that low order roots with lower amounts of structural carbohydrate and high N 
content have high levels of turnover (Wells and Eissenstat 2001).  This is backed up by Espeleta et. al., 
2009, where fine roots of several Quercus species and Pinus palustris were more likely to die at any 
given time and first order roots lifespans were 1.2-1.5 times shorter than second or third orders. These 
roots may play an important role in C and N cycling within an ecosystem. In salt marshes of the southern 
Netherlands, in both fine (< 400µm) and coarse (> 400µm) roots, specific root length and root diameter 
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for Elymus pycnanthus and Spartina anglica were inversely related for both species.  No relationships 
existed between root diameter and tissue density and root length and tissue density (Bouma et al. 2002). 
Functionality and morphology of first order roots at those of higher orders has been shown to 
differ.  First order roots are the fine roots at the end of the root system.  As you follow the root up toward 
the surface, at each branching of equal order roots, the thicker roots which the lower order roots branched 
from are labeled one order higher.  If roots of differing order numbers meet, the one with the higher order 
continues.  Even when classifying roots as fine (≤ 2mm diameter) and coarse (≥ 2mm diameter), 
variability exists within these classifications (Pregitzer et al. 1997). First and second order roots were 
found to be individually shorter and thinner than higher order roots, their overall total length and surface 
area were much greater than high order roots.  Total root biomass was similar amongst the first four root 
orders, only decreasing after the 5th order, the highest order roots in the sample. Root N concentrations 
were higher in low order roots, possibly serving as an indication of root enzyme content and metabolic 
activity (Ryan 1991).  Total nonstructural carbohydrates (TNC) concentrations were higher in higher 
order roots, showing a possible importance in C transport and storage (Eissenstat 1997). Corn (Zea mays 
L.) roots length is comprised of only 4-5% main roots, 47-67% primary branches, and 29-48% secondary 
and tertiary branches (Weaver 1926).  This highlights the spreading, fibrous nature of most grass plants. 
Root Function 
 Plant growth in the western Great Plains is often limited by water availability.  The function of 
plant roots in the role of supplying a plant with water becomes increasingly important when its 
availability is questionable (Burke et al. 1998).  Success in establishment, persistence, and overall plant 
health through a wide variety of stresses (e.g., drought, winter, and overgrazing) can all be traced to plant 
root systems (Weaver 1930).  This competition for limited resources has led plants to develop a wide 
variety of strategies for obtaining water and nutrients under such conditions.   
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  In all root system types, the effect of root hairs on absorption and increased total surface area of 
the root is of great importance (Weaver 1926).   Water, once absorbed through either the root hairs or 
epidermal cells may either move through the cortex to the xylem for transport to the rest of the plant in 
one of two ways, either apoplasticly or symplasticly. Symplastic movement occurs when water moves 
from cell to cell through the plasmodesmatal tubes connecting cells.  Apoplastic movement occurs outside 
of the cells where water flows around the cell through the intercellular pore space.  In younger portions of 
the root, apoplastic movement has little resistance and water flows with little restriction to the xylem.  
However in older portions of the root, an endodermis layer is formed, creating a permeable barrier and 
forcing water uptake to occur symplasticly through this region (Hopkins et al. 2008). Young nonsuberized 
portions of roots are vital with water absorption.  As such, these areas are often found where soil water 
potential is highest (Ares 1976). Differences can also be seen between rooting and absorption strategies of 
different functional groups.  Grasses, which generally have shallower fine root systems, are better able to 
utilize even small rainfall events to supply needed moisture, showing a noted response to rain events.  In 
contrast deep rooted species like shrubs have the majority of roots deeper in the soil profile.   They often 
rely upon ground water sources for moisture and are only affected by precipitation events when they are 
heavy enough to penetrate deep into the soil profile. Even during these large precipitation events, use of 
the newly added moisture is often low, as much of the shrub’s requirements have been met by 
groundwater.  This moisture from large precipitation events, having reached the shrubs root system, may 
then be lost passing below the rooting zone if not used (Golluscio et al. 1998). In semi-arid landscapes, 
the competition for water leads to complete occupation of the soil by roots, while contiguous 
aboveground growth cannot be supported (Burke et al. 1998). 
 Roots are also vital for nutrient uptake.  The interaction of air, water, organic material, and 
minerals in soils provide the essential nutrients for plant growth.  Nutrients required for plant growth are 
normally found in the form of ions, and are often released to the soil through decomposition of organic 
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tissues by soil microorganisms.  The plant can readily take up these ions provided there is ample oxygen 
to maintain root respiration (Brady et al. 2002).  This uptake of nutrients by cell roots requires the nutrient 
to enter into the root cell, requiring the solutes to cross cellular membranes.  This movement occurs in one 
of three ways; simple diffusion, facilitated diffusion, and active transport.  Simple diffusion is the 
movement of a solute from high to low density areas.  Only three solutes (O2, CO2, and NH3) appear to 
enter the root in this way, due to the polar lipid bilayers that make up the cell membrane. Other nutrients 
may diffuse across the membrane through transport proteins, which allow nutrients through the bilayer 
but still requiring a gradient to drive this movement. Some nutrients that enter the cell in this way include 
K+, Cl-, and Ca2+.  Both simple and facilitated diffusion are considered passive transport because they 
require no energy input from the plant to occur.  Active transport requires the cell to expend energy, 
usually in the form of ATP, to move nutrients across the membrane against the gradient.  This form of 
transport requires protein pumps to push these ions across the membrane and create a concentration 
gradient of them inside the cell. Much of the plant’s nutrient requirements that have been so far 
unmentioned are absorbed in this way (Hopkins et al. 2008). 
Root Growth 
In grasslands the majority of roots occur within the top 20 cm of soil (Johnson and Matchett. 
2001; Leetham and Milchunas 1985; Sun et al. 1997). Sun et. al. (1997) after a review of 66 publications 
across the Central Great Plains puts this cut off a bit deeper at 30 cm. Bouma et. al. (2002) places this 
level at only 15 cm in salt marsh grasses.  In brome pastures in Alberta, Canada, the majority of roots are 
located above 15 cm as well (Mapfumo et al. 2002).  In eastern Nebraska on a study focusing on big 
bluestem, sampling in 30 cm increments showed the majority of root mass occurring above 30 cm 
(Mousel et al. 2005). In Texas, root biomass decreased after a depth of approximately 30 cm (Yoder et al. 
1995). In the California Chaparral, a depth of 10 to 20 cm is given as the area of maximum root density 
24	  
	  
	  
(Kummerow et al. 1977).  In a study from Northern Colorado, there is a general decline in root biomass 
with depth up to 100 cm (Gill et al. 1999). In another Colorado study, 60% of root weight was between 0-
10 cm in the soil profile (Bartos et al. 1974). Over half of the plants in grasslands (65%) are considered 
shallow-rooted species with most roots occurring at depth < 20 cm; whereas, only 7% of grassland plants 
are classified as deeply rooted with most root mass occurring at depths > 1 m (Sun et al. 1997).   While 
roots often occur in higher density at shallow depths, they are not present at such levels all the way to the 
soil surface.  Root masses at 0-1 cm were lower than those just below at 1-2 cm in vegetation studied by 
Weaver (1982), with maximum values between 2 and 6 cm.  In soils where the subsurface is waterlogged 
(high water table) and lacking oxygen, deep roots may not develop or die during periods when the water 
table is raised (Weaver 1926).  In a study of 45 species in the Sandhills of the Nebraska and Colorado 
mixed grass prairie , 91% of the examined were considered mid to deep rooted (roots reaching > 0.6 m 
deep) (Weaver 1920).  While this seems to contrast with claims of increased root mass at shallow depths, 
Weaver’s study only consisted of 12 grass species.  This favoring of forbs along with studying individual 
plants instead of whole community interaction can account for the claim.  Despite the classification of the 
majority of species as mid to deep rooted, weaver notes 82% of species in the Sandhills have “wide-
spreading surface roots” (Weaver 1920). 
When broken down into functional groups grasses have the shallowest root systems and forbs on 
average the deepest (Sun et al. 1997). Concentrating roots near the surface allows plants to best utilize 
nutrients found at greater abundance near the soil surface.  Grasses especially may be able to respond to 
short-term pulses in resources, particularly water, due to their overall use of this rooting technique (Sun et 
al. 1997). The absence of roots in the upper 1 cm of soils may somewhat negate the usefulness of light 
rain showers as moisture may be intercepted by the plant canopy and not move past the thin root free zone 
(Weaver 1982). Weaver’s claim depends on the depth of infiltration that occurs during a light rain 
shower.  Rainfall may actually penetrate much deeper into the soil profile, even from light precipitation 
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events (Sala and Lauenroth 1985).  The impact of this shallow root-free zone can be influenced by soil 
texture and infiltration.  
Grassland species in drier upland environments have developed fine, branching root systems that 
spread horizontally through the soil, while those in more lowland situations develop coarser, more vertical 
roots with less lateral branching (Weaver 1930). In Quercus species on coarse sandy soils in South 
Carolina, a decrease in root production and longer root life was seen for more xeric species (Espeleta et 
al. 2009).  This may deal with individual species strategies for water retention and dealing with drought 
stress. Differences within the same species can be observed when comparing roots of plants growing 
moist and dry environments (Weaver 1920). This difference between same species root growth may be a 
result of variance on a spatial scale driven by environmental factors. The influence of environment seems 
to be a major factor in root growth. (Bouma et al. 2002). 
On a community level, prairies have defined “absorbing layers” associated with the differences in 
rooting strategies (Weaver 1920).  The activity of roots is not necessarily associated with the number of 
roots in a given area.  Older roots may become cutinized or suberized, decreasing their absorbance, while 
activity is transferred to younger parts of the root system. Furthermore, extensive surface roots may be 
developed early in a plant’s lifetime, with deeper root development occurring with age as roots at depth 
become the more youthful portion of the system (Weaver et al. 1922).  
Root turnover is an important component for nutrient cycling within the ecosystem.  Turnover of 
plant roots exponentially increases with mean annual temperatures in grasslands (Gill et al. 2000). While 
Gill et al. 2000 totes temperature as the main driver behind root turnover; the actual decomposition of the 
sloughed roots tends to increase with precipitation in conjunction with decreasing soil clay content 
(Epstein et al. 2002).  Other studies claim that it is an increase in radiation, not temperature that drives 
these fluctuations in root growth and with decreased radiation for plant growth, root loss increases (Fitter 
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et al. 1998).  This root turnover leads to high variability, which may be especially prevalent in the upper 
soil profile.  A study in Colorado showed that over half of plant root weights were present in the upper 10 
cm of the soil surface, but variation between sampling dates was high.  Below 10 cm, root weight 
variation between sampling dates became more constant (Bartos et al. 1974).  Other studies place this 
depth of increasing stability in root turnover at 20 cm (Gill et al. 2002). Overall in grasslands 53% of fine 
roots are turned over annual.  In wetlands, this number goes up to 55% (Gill et al. 2000). However, root 
mortality has been linked to root diameter.  In a Colorado study, roots > 0.4 mm in diameter lived 320 
days while those < 0.2 mm lived only 180 days (Gill et al. 2002).  This increase in root growth seems to 
occur during the summer (Kummerow et al. 1977; Fitter et al. 1998). 
 This distribution may be subject to change depending on water availability in the soil.  Moist soils 
may result in smaller root networks, due to a greater efficiency of the present roots.  Dry years may show 
the opposite effect, resulting in larger root networks.  Increases of root growth in dry years may be 
curtailed due to limited amounts of water and/or carbohydrates needed for increased growth (Benning and 
Sestedt 1997; Weaver 1926).  Nutrient patches may also drive root density.  In a study in Saskatchewan, 
root density was 20% higher in patches fertilized with N than unfertilized treatments (Moar et al. 2006). 
Responses to stress: Grazing 
 Stresses on plants while affecting the aboveground portion of plants also can have profound 
impacts on belowground systems.  When prolonged, stresses such as grazing can influence the 
composition of plant communities (Weaver 1950).  Grazing may result in different responses from plants 
than other forms of stress. The pulse nature of grazing creates a different stress response than other 
stresses experienced by plants (Johnson and Matchett 2001). Still, studies show that increased prolonged 
grazing pressure decreases the amount of underground plant material present at similar depths.  
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Furthermore, the overall abundance of plant material at depth also decreases.  Weaver gives decreases of 
over 60% at depths greater than 1 foot from “high grade” to “low grade” pastures (Weaver 1950).  
 Other studies back up this general decline in root mass and depth (Schuster 1964; Tomanek and 
Albertson 1957; Albertson et al. 1953; Biondini et al. 1998; Ingham and Detling 1984; Matches 1992; 
Detling et al. 1979; Holland et al. 1992; Coughenour 1985).  35% lower root production was noted under 
heavy grazing compared to ungrazed treatments on tallgrass prairie in Kansas and a 30% drop noted 
under heavy grazing and adjacent lighter grazed patches (Johnson and Matchett 2001). In Alberta, Canada 
heavy grazing (45.2 AUM ha-1) intensity decreased root biomass for perennial brome grasses but did not 
significantly impact annual triticale ( X Triticosecale Wittmack).  For medium (24.4 AUM ha-1) and light 
(19.6 AUM ha-1) treatments in the brome, smooth bromegrass responded best to the medium treatment, 
while meadow brome (Bromus riparius Rhem.) produced more overall root biomass and did best under 
light grazing.  In a greenhouse study, multiple species of grasses showed marked decreased in root mass 
under 3 clippings when compared to unclipped plants of the same species.  Plants clipped 7 times saw an 
even greater percent decrease in root biomass (Graber 1931). A study in Oklahoma noted a 27% decrease 
in root mass after heavily grazing compared to lightly grazed pastures for one year and a 46% decrease 
after two years (Svejcar and Christiansen 1987).   Root lengths decreased by 33% after the first year and 
45% in the second under the same study. Modeling of a collection of grazing pressure studies (Holland et 
al. 1992) estimated a 71% decrease in belowground production in response to heavy grazing.  A synthesis 
by Coughenour (1985) reported modest declines in root production under studies with moderate stocking 
rates.  This shifted to severe declines under high stocking.  In addition to decreased depth and density of 
roots, grazing also may inhibit horizontal distribution in the shortgrass prairie in Colorado (Milchunas and 
Lauenroth 1989) and Kansas (Tomanek and Albertson 1957). 
28	  
	  
	  
A decrease in root mass following a grazing event occurs because of a reallocation of plant C to 
shoots.  There actually is a stoppage of root growth in perennial grass plants in some cases after 50% or 
more of the top of the plant has been removed (Crider 1955).  Crider (1955) reported that the duration of 
the root growth stoppage is directly related to the percentage of aboveground growth removed.  
Furthermore, repeated defoliation events resulted in long-term maintained stoppage of root growth.  This 
response may come from one or a combination of plant responses to grazing such as compensatory 
photosynthesis through rapid leaf replacement or alteration of carbon allocation (Trlica et al. 1993). 
Multiple defoliations have been shown to reduce the total nonstructural carbohydrates in roots by 33-43% 
(Engel et al. 1998). This impact on root growth and available photosynthate may also affect 
root/mycorrhiza relationships, where herbivory may decrease colonization by 3% (Barto et al. 2010).  
This loss of photosynthetic material may be somewhat compensated for following reqrowth as grazed 
plants have shown higher rates of photosynthesis when compared to ungrazed controls (Wallace 1990).  
This response is somehow linked to the physical grazing of the plant itself and did not hold true for 
clipped plants. Grazing of roots may also occur belowground from soil microorganisms, specifically 
nematodes (Ingham and Detling 1984). Combinations of belowground and aboveground herbivore may 
play a substantial impact on reducing root production by up to 58%.  While grazing may result in lower 
root production, long-term non-grazing may be equally as unfavorable to root production, due to an 
increase of soil litter. (Johnson and Matchett 2001). 
Reductions in plant growth seem to be dependent on the duration of C limitation caused by the 
removal of photosynthetic material.  In tallgrass prairie plants in Kansas, grazing resulted in a 20-37% 
decrease in soil-surface CO2 flux (Bremer et al. 1998).  The researchers suggest that this decrease is due 
to reduced canopy photosynthesis resulting in slower translocation of carbon to the roots and surrounding 
rhizosphere. 
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The effects of grazing on plants may be long term and complex.  Extended heavy grazing may 
limit plant reserves, resulting in reduced growth in subsequent years. The effects of grazing may be 
compounded upon by drought, winter injury, competition from other species, and insect injury, resulting 
in higher levels of degradation than would have resulted from only grazing or the additional injury 
independently (Graber 1931). Grazing may also level out variance between plants, reducing overall 
variance in a treatment compared to ungrazed treatments (Milchunas and Lauenroth 1989). 
 While stresses affect the root amounts themselves, they can also have an impact on crown 
development of bunchgrasses.  Weaver (1950) showed that little bluestem crowns deteriorated in strength 
and health under increased grazing pressure (Weaver 1950).  This detrimental effect to graminoid crowns 
has also been documented under heavy grazing of other species (Albertson et al. 1953). 
 Nitrogen (N) cycling may be directly increased by grazing due to animal waste products re-
depositing heavily concentrated N (Holland and Detling 1990).  Indirect effects may come from plant 
tissue changes brought about by changes in tissue quality (Johnson and Matchett 2001).  Johnson and 
Matchett (2001) also showed that N mineralization and nitrification rates were significantly higher in 
grazed areas than ungrazed areas.  Holland and Detling (1990) suggesed that the importance of roots as a 
C input for the soil microbial community may result in this shift.  If C is allocated to shoot growth due to 
a defoliation event, a lower C:N ratio may become prevelant in the soil community leading to decreased 
N mineralization and increased N immobilization.  On the other hand, if the system regains C inputs from 
roots, microbial activity is no longer limited by avalible C which may lead to increased N mineralization 
and decreased N immobilization. Other studies have shown heavy grazing has no effect on root N content 
and actually decreased N mineralization.  However, there was an increase in root decomposition leading 
to higher root N loss (Biondini et al. 1998).  
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Other studies have shown that grazing events may increase root exudate and further influence the 
system.  This release of exudate in addition to the possible sloughage of roots from heavy grazing may 
further supply soil microbes with an energy source (Bardgett et al. 1998). This increase of high quality 
inputs through exudates also seems to shift soil microbial communities from a more fungi based 
community under lightly or ungrazed grasslands to one driven more by bacteria.  This shift occurs as 
bacteria are better able to utilize the high quality exudate quickly, making the most out of the resource 
before it becomes depleted. These shifts in root composition seem to have no effect on overall soil C and 
N pools (Biondini et al. 1998). 
Furthermore grazing can change the quality of root tissue, often increasing N concentrations.  
Grazing of any sort has been shown to increase N content by 30% and decrease C:N ratios by 30% 
compared to non-grazed exclosures  (Johnson and Matchett 2001).  This shift occurs as the grazed plant 
responds to a grazing event by shifting C allocation from the root system to shoot growth.  This 
reallocation of C may lead to a negative feedback loop, where shoots are given prevalence to C, reducing 
root growth and extension into the soil.  This in turn may limit nutrient and water supply to the plant, 
negatively impacting shoot growth (Schuster 1964). A shift of C allocation from roots to new shoot 
growth may result in up to 50% more C resources being directed to aboveground growth (Detling et al. 
1979). This shift of C allocation from roots to shoots is confirmed in other studies (Bardgett et al. 1998; 
Holland and Detling 1990; Pineiro et al. 2010).  In contrast, woody plants may respond with a reduction 
in root N concentrations in fine roots when faced with a reduction of photosynthetic capabilities, 
following a scorching treatment (Guo et al. 2004). 
Shifts in root N content may also occur due to drought stress.  Reallocation of N from shoots to 
rhizomes and roots of grasses has been documented under drought situations (Heckathorn and Delucia 
1996).  This shift of N resources appears to be species dependent and a means for the plant to preserve N 
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from loss to grazing or fire under already stressful circumstances.  Movement of N from the shoots to 
belowground costs energy for the plant, but is paid for in a boost to regrowth once acceptable growing 
conditions return. The resulting growth is then done at the expense of continued root growth. However, 
prolonged grazing may increase N availability in the system, as the plant is unable to direct stored N to 
shoot growth (Holland et al. 1992).  Under this prolonged stress, levels of plant litter input also decrease 
both above and belowground, resulting in a slowing of the microbial N cycle and even greater increases in 
N concentrations in the soil. 
  Shorter grazing events may actually cause an overall increase in below ground 
production.  Species that have developed grazing tolerances may respond to a grazing period with 
increased horizontal tillering or spread of rhizomes and/or stolons.  This growth along with eventual 
recovery of above ground photosynthetic material may lead to a shift of focus on soil resources 
(Milchunas et al. 1988).  While this effect may also be seen under light or moderate stocking conditions, 
recovery of desirable species after overutilization may be slow to occur (Albertson et al. 1953). 
 While grazing has an effect on the individual plants, long term grazing may also lead to shifts in 
plant communities allowing plants more tolerant or resistant to grazing to increase in prevalence.  At the 
very least, plants with a resistance or tolerance to grazing suffer less root loss than other species in similar 
conditions (Tomanek and Albertson 1957). Due to differences in root systems between species, this shift 
in plant community may lead to shifts in root production and distribution (Schuster 1964). 
 In a review of, 500 journal articles, Milchunas and Lauenroth 1993 analyzed the effects of 
grazing on plant response over a variety of climatic and topographic grass and shrub lands.  Their review 
found that aboveground production was not a reliable indicator of below ground production.  In cases 
where grazing negatively impacted above ground production, mixed responses were seen in belowground 
impacts.    
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Root Sampling  
 While the roots of plants may be more difficult to study than those portions readily which are 
available aboveground, understanding their growth, function and habits are important for a true 
understanding of how the entire plant functions.  Studies done on plants began as attempts to observe the 
root system’s organization and characterization. This was done in a general attempt to learn about the 
plant roots or to see their reaction to various stresses.  These early studies often used measures such as 
monolith sampling (Weaver et al. 1950) or the nail-board method (Schuster et al. 1964).  In an attempt to 
know more about root distribution, overall biomass, and growth across the landscape, coring methods and 
ingrowth root core methods were developed along with the recent development of minirhizotron tubes, 
and isotope labeling.  These methods have also been used more recently to begin to look at the biomass to 
root surface area to better understand and compare differing root types and strategies.      
Several authors have utilized ingrowth root cores in their studies. Johnson and Matchett (2001) reports 
using mesh bags for their root cores with a mesh size of 1.0 mm, 5 cm in diameter and 10 to 30 cm deep.  
The cores were cold stored upon removal (4˚C) until processing through a wet sieving process.  
Steingrobe et al. 2000, used mesh bags with a mesh size of 3mm, 4 cm in diameter and 42 cm deep.   
Separation of root systems from the surrounding soil is often a difficult task, especially when 
enough care is taken to separate the fine root mass that is responsible for a majority of absorption 
(Weaver 1926).   All methods of belowground production sampling have negatives associated with them, 
ingrowth cores are no different. The ingrowth core method creates a root-free soil area with low 
competition for resources which likely encourages root proliferation and artificially high root masses.  
Root loss (sloughage) between sampling periods may result in lower estimates. Root production in the 
core also can be influenced by differing bulk densities, nutrient amounts, and mineralization rates than in 
the surrounding soil.  There also is the possibility of the establishment of the cores altering soil horizons, 
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thus influencing root estimates in either positive or negative ways (Milchunas 2009). Despite errors 
associated with this technique of root sampling, cores can be used as an index of differences in root 
production between various treatments (Johnson and Matchett 2001; Steingrobe et al. 2000).  After 
comparing results with other methods used to estimate root production, the use of ingrowth root cores 
appears to be effective method for belowground production estimates (Johnson and Matchett 2001; 
Steingrobe et al. 2000).  These results are in direct contrast with Singh et al. (1984) who claim that 
estimated root production using a coring technique was closest to true production when both live and dead 
roots are considered under an short sampling interval.  Even with this “optimal” sampling technique, they 
estimated only 70% of the true value was described.  The main hinderance to estimates of root production 
from this study was given as the variance associated with random sampling which often led to an 
overestimation of root production. 
Overall analysis of root production done by Dahlman and Kucera 1965 noted a distinct 
relationship between total root mass and annual production. Root produciton was noted to be linked 
closely with temperature and precipitation, resulting in a peak of root production in July.  It was also 
noted in this study that measurements were prone to high variance which may be corrected for by more 
frequent sampling. 
While higher nitrogen contents inside the core and higher bulk density may have an effect on root 
growth, moisture content of soils placed in the core, phosphorous content, and lower bulk density seemed 
to have no effects (Steingrobe et al. 2000).  Steingrobe et al. 2000, also found the physical act of creating 
a hole for an ingrowth core had no influence on root growth once the core was placed. 
Summary 
 The growth of roots is in one of the most complex (Weaver 1926) and least understood (Johnson, 
and Matchett 2001; Craine et al. 2002) yet easily accessible environments for human study, the soil.  This 
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medium provides the environment for plant growth along with multiple other important functions (Brady 
et al. 2002).  Its impact on root development may depend upon its difficulty for roots to penetrate 
(Hettiaratchi et al. 1990), temperature (Drennan et al. 1998), and hydrology (Majerus 1975).  Roots in 
turn impact the soil that they grow in.  The area immediately around the root, known as the rhizosphere is 
often depleted of nutrients (Hinsinger et al. 2005).  This is often due to root uptake as well as symbiotic 
relationships with soil microorganisms to mobilize nutrients for uptake (Rengel et al. 2005; Zagallo et al. 
1962).  Sometimes, this uptake may be done my species other than the roots themselves, such as 
mycorrhizae fungi (Li et al. 1991).  
 Root systems themselves are extremely diverse ranging from fine branching grasses to taproot 
systems of many forbs (Weaver 1961). Differing types of roots often represent different strategies 
employed by the plant for uptake of water (Sala and Lauenroth 1985) and nutrients (Craine et al. 2002). 
No matter the type roots make up often a majority of a plants total biomass (Milchunas and Lauenroth 
1989).  Root growth often occurs primarily in the upper 20 cm of the soil (Johnson and Matchett 2001; 
Leetham and Milchunas 1985). This allows the plant to quickly uptake moisture from light precipitation 
events before it is lost to evaporation (Sun et al. 1997).  Root growth is often variable influenced by soil 
moisture (Benning and Sestedt 1997) and nutrients (Moar et al. 2006).  Root turnover is also variable and 
may be influenced by soil temperature (Gill et al. 2000).  
 Root function (Pregitzer et al. 1997) and longevity (Guo et al. 2004; Wells and Eissenstat 2001) 
have often been linked to root order, with lower order roots used primarily for uptake due to the large 
surface area their root hairs provide (Weaver 1926).  Higher orders are important for transport.  
Movement through these roots occurs simplistically and appoplastically (Hopkins et al. 2008). Nutrient 
uptake often occurs in the form of ions in solution with water (Brady et al. 2002). 
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 Grazing typically results in a decline in overall root production (Biondini et al. 1998; Holland et 
al. 1992; Matches 1992).  The relocation of C from root growth to shoots is often cited as a primary driver 
of this decrease (Crider 1955) along with an overall reduction of photosynthetic capacity (Trlica et al. 
1993). This decrease in root biomass influences nutrient cycling, increasing organic matter for microbial 
populations through sloughage and exudate (Holland and Detling 1990; Johnson and Matchett 2001).  
 Sampling roots is a difficult process due to their inaccessibility to be immediately viewed 
(Weaver 1926).  However, despite the possible errors that can be associated with root sampling 
techniques, the use of similar techniques has been shown to be an acceptable way to compare root 
production between treatments (Johnson and Matchett 2001; Steingrobe et al. 2000).  As such, the study 
of roots and their importance in the ecosystem, especially under various grazing systems should be 
continued, increasing our understanding and knowledge of how these systems functions.  
Litter Production/Decomposition and Grazing 
Productivity of rangeland in the Great Plains is driven by availability of water (Briggs and Knapp 
1995) and nitrogen (Burke et al. 1998).  Root systems play a primary role in both cycles, bringing the 
plant water and N from the surrounding soil.  While moisture availability cannot be directly controlled by 
human activity in native rangeland, relying ultimately upon regional weather patterns, influences on the N 
cycle resulting from human interaction, specifically livestock grazing, can be substantial.  
Nitrogen cycles through the environment in several forms, mediated by a complex group of 
reactions which themselves are regulated by soil microorganisms (Pineiro et al. 2010).  In particular, the 
decomposition of organic plant matter to mineral N forms useable by plants is specifically influential.  
The speed at which this decomposition occurs and how many nutrients are released to the surrounding 
environment depends greatly upon microbiotic communities of decomposers in soils. Furthermore, litter 
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can have substantial effects on plant production, germination, establishment, and retention (Xiong and 
Nilsson 1999). 
Litter Production 
Approximately 50% of annual litter produced on native grasslands enters the soil (Van Veen and 
Paul 1981). Litter production of C3 and C4 grasses in Australia buffel grasslands grazed by sheep was 
30% less at high stocking rates (0.2 ha sheep-1) compared to moderate stocking rates (0.8 and .04 ha 
sheep-1) during a seven month grazing season (Christie 1979).  The same study also showed long-term 
decreases of litter production over 3 years of high (80% utilization) grazing pressure.  Under moderate 
grazing pressures of 30% utilization, litter production was maintained. On fescue grasslands of Alberta, 
Canada, aboveground litter was significantly reduced under very heavy stocking rates (4.8 AUM ha-1) in 
comparison with heavy (2.4 AUM ha-1), moderate (1.6 AUM ha-1), and light (1.2 AUM ha-1) stocking 
rates.  All grazing treatments produced less aboveground litter than the no-graze control (a Naeth et al. 
1991). In the same study, early season grazing (May-July) was shown to produce less litter than grazing 
later in the growing season (August-October).  Studying differences between annual and perennial grass 
responses to grazing pressure, perennial species generally produce more litter mass than annuals.  In both 
functional groups, however, increased grazing pressure resulted in less litter mass (Mapfumo et al. 2002). 
Litter production may be tied to aboveground biomass production but the relationship may be 
complex.  On lower stocked rotational treatments, increased aboveground biomass resulted in lower litter 
standing crop when compared to a heavier stocked continuous treatment.  While standing litter was lower, 
senesced material was higher in the heavy stocked treatment (Heitschmidt et al. 1987).   On alpine 
meadows in Tibet, increased grazing intensity (1.2 yak ha-1 and 20% forage utilization to 3.2 yak ha-1 and 
70% utilization) led to corresponding decreased aboveground biomass production (Li et al. 2011).  In this 
same study, species richness reached a peak at moderate grazing pressure and proceeded to decline under 
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heavy grazing. Schuman et. al. (1999) also noted decreased peak standing crop and shifts in species 
composition under prolonged heavy grazing.  Overall, prolonged heavy grazing has been shown to result 
in decreased plant diversity, limiting the type of litter inputs as well as the time when primary litter inputs 
occur.  These shifts are often to plants with lower overall production (Archer et al. 1991). Removal of 
grazing for three years on Nebraska Sandhills increased litter production across several different sites, 
from 40 to 127 g m-2. At the same time, aboveground biomass production remained fairly steady (Potvin 
and Harrison 1984). In general, it appears that in the short term, heavy grazing pressure may result in 
increased senescence by plants resulting in increased litter production.  However, under prolonged heavy 
grazing, aboveground biomass production becomes limited, which in turn decreases the amount of litter 
present in the system. 
Plant Environment Impacts 
Reductions in particulate organic matter size may also increase the effective surface area of the 
litter, allowing for faster decomposition rates. The presence of aboveground cover increases the chance 
for precipitation to be intercepted before reaching the soil surface.  This water may be stored and 
eventually enter the soil, or lost by evaporation (Thurow 1991).  Once the water has reached the soil, litter 
may also affect the rate at which it infiltrates.  Litter provides organic matter to soils, strengthening 
aggregation of soils and overall porosity, which allows for increased water infiltration rates (Thurow 
1991). The primary vegetation on a site may greatly impact inception and infiltration.  Infiltration is 
usually greater under trees and shrubs, followed by bunchgrasses, shortgrasses, and lastly bare ground 
(Blackburn 1975). Timing of growth may also influence infiltration.  Annual grasses may provide 
adequate cover during their period of growth, but very poor cover resulting in low infiltration once they 
have become dormant (Thurow et al. 1988).  
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Litter production by various species also impacts these rates of infiltration.  Increased litter 
production by perennial bunchgrass species results an increase in soil organic matter, more consistent 
temperatures and moisture, and enhanced formation of soil aggregation (Thurow 1991).  Increased 
grazing pressure on previously ungrazed alpine meadows resulted in increased soil moisture content (Li et 
al. 2011). Soil water content on a typical step in Inner Mongolia was show to be highest under a light 
stocking treatment (Liu et al. 2012). Soils with larger organic particulates are more likely to have greater 
water holding capacity than those with finer organic particulates.  These factors can be influenced by 
timing and intensity of grazing. Grazing tends to decrease litter particle size and decrease the amount of 
standing litter in an environment (a Naeth et al. 1991). This finding was backed up by studies in Alberta, 
where it was shown that heavy grazing and/or early season grazing reduced the amount of larger 
particulate organic matter (b Naeth et al. 1991). This same study also noted that differences in plant 
communities would also influence the litter composition of a site.  
The presence of grazing often modifies the microclimate, influencing microbial activity and the 
distribution, form and abundance of nutrients. Grazing has been shown to increase soil temperatures and 
wind speeds (Whitman 1971).  By increasing the overall temperature of soil litter, decomposition rates 
were increased 19.3%.  When grazing was added to the system, an additional 8.3% increase occurred 
(Luo et al. 2010).  
 Grazing pressure may have some negative effects on soil structure and condition. 
Proponents of high stocking densities site an increase in trampling of soils and plants as a positive impact, 
which may enhance infiltration (Thurow 1991).  Trampling is attributed to be the driving factor behind 
enhanced infiltration rate and reduced erosion under stocking rates well above what may be considered 
normal (Savory et al. 1980).  However, many studies have shown that trampling increased soil 
compaction and disrupts aggregation.  This is seen as an overall decrease in aggregate stability and 
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increased bulk density which results in decreased infiltration and increase in soil runoff (Thurow 1991). A 
study in Alberta, Canada showed decreased soil moisture and hydraulic conductivity and increased bulk 
density of soils (Dormaar et al. 1989).  These results paired with non-effective incorporation of litter into 
the soil by hoof action would result in decreased rates of decomposition.  
Overall climatic effects also influence decomposition. Precipitation seemed to play some role in 
decomposition, though the exact pathways it influences are still little understood (Semmartin et al. 2004). 
Across 23 tropical forests around the globe, decomposition rate is closely correlated with precipitation 
rates when similar litter materials were utilized (Powers et al. 2009). In forests with less than 3000 mm of 
precipitation, litter decomposed faster with belowground placement.  In those over 3000 mm, liter 
decomposed faster aboveground.  Climatic conditions have also shown to play an important role in 
decomposition rates in temperate climates with lower precipitation levels (Esperschutz et al. 2012). 
Litter Decomposition 
Of the litter that enters the soil, 80% is easily decomposed, while 20% is recalcitrant, taking much 
longer time to degrade (Parton and Rasmussen 1994). Litter has been shown to decompose at a higher rate 
however, when under grazing systems. This may be due to changes in plant allocation patterns, thus litter 
quality, site conditions, or species shifts (Semmartin and Garibaldi 2008).  In North Dakota mixed grass 
prairie, litter decomposition rates of 59% were shown to be highest under moderate (45% removal of 
aboveground growth) stocking when compared to a no treatment control or high stocking (77% removal) 
which only decomposed at a rate of 16% (Shariff et al. 1994).  In Argentina, litter on the wettest grazed 
sites was higher in N and P, resulting in faster decomposition rates.  On dry sites however, species had 
lower N and P content and decomposed slower (Semmartin et al. 2004).   Another study in Argentina by 
the same principal researcher resulted in increased mass loss under a long term grazing regime (0.6 cow 
ha-1 yr-1) than nongrazing (Semmartin and Garibaldi 2008). 
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Litter decomposition is a complex process with multiple factors influencing decomposition rates.  
In tropical forests, litter quality, placement above or belowground, precipitation and access by 
decomposers all influenced decomposition (Powers et al. 2009).  Initial litter nutrient composition can 
play an important role in decomposition rates.  Utilizing alfalfa (low C:N ratio), rape (medium C:N ratio) 
and wheat (high C:N ratio) residues near Burgundy, France, the higher N alfalfa decomposed quickly 
before substantially slowing down after 22 days for the remainder of the 335 day placement.  The rape 
residues also decomposed quickly but maintained an elevated level of decomposition for approximately 
100 days until reaching a sustained low level.  Wheat residues never decomposed quickly and remained at 
low levels for the entirety of the experiment (Pascault et al. 2010).  Decomposition rates of high N 
containing Lotus corniculatus L. were greater than lower N litter from Calamagrostis epigejos L. in a 
German study (Esperschutz et al. 2012).  Grazing may result in plants with higher cell soluble contents 
and lower lignin:N rations (Semmartin and Garibaldi 2008). The strength of this reaction seems to be 
highly species dependent. This shift in litter quality following herbivory was also noted in reindeer grazed 
tundra in Norway.  Grazed sites had increased N content and lower C:N ratios than the same species in 
ungrazed areas (Olofsson et al. 2002).  The level of grazing is important in these shifts in plant nutrient 
levels.  In Texas, a rotational grazing system stocked at 3.7 ha cow-1 yr-1 was compared to a yearlong 
continuous grazing treatment stocked at 5.9 ha cow-1 yr-1.  The authors concluded that stocking rate was 
the driver for decreased crude protein and organic matter digestibility in the continuous stocking 
treatment (Heitschmidt et al. 1987). 
Litter decomposition can be affected by the availability of nutrients in the environment to provide 
growth and activity to the decomposing microbial biomass.  In a study (Averill et al. 2014) across several 
differing biomes, mycorrhiza and plant uptake of available nutrients has been shown to be of impact on 
decomposition rates.  In sites with ectomycorrhizal and ericoid mycorrhizal (EEM) fungi, decomposition 
rates were slowed due to the fungi’s uptake of available N. This resulted in systems with an increase in 
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stored C.  In contrast, arbuscular mycorrhizal (AM) fungi excrete substrate into the soil, providing a N 
source and actually increasing the rate of N cycling.  This is particularly important to note when 
comparing grassland and forested systems, as forests contain both EMM and AM fungal groups while 
grasslands contain only AM (Averill et al. 2014). 
Nutrient Cycling 
In shortgrass prairie systems, various grazing systems have been shown to stimulate C and N 
cycles by the addition of aboveground plant components to the soil (Schuman et al. 1999). On previously 
ungrazed pasture, soil organic C, soil N, soil phosphorus (P) and soil C and N storage increased with 
increased grazing pressure (Li et al. 2011). Grazing studies in Mongolia show that organic C, total N and 
total sulfur (S) significantly increase with increased grazing intensity (no graze control to 2.0 sheep units 
(1 sheep unit=1 ewe and 1 lamb) ha-1 yr-1).  When calculating conventional stocks of organic C, total N, 
and total S, using soil bulk densities and elemental concentrations, the heavy grazing treatment of 2.0 
sheep units ha-1 yr-1 showed lower levels for all three measurements than all other treatments (Steffens et 
al. 2008). On a typical steppe in Inner Mongolia, a light grazing treatment of 0.91 sheep ha-1 resulted in 
the highest amount of soil organic C and total N when compared with a 1.82 sheep ha-1 moderate stocking 
treatment, a 2.71 sheep ha-1 heavy stocking treatment, and an ungrazed control.  In all treatments soil 
organic C and total N decreased significantly with soil depth (Liu et al. 2012). C:N ratios of soil organic 
matter (SOM) under a variety of different studies showed consistent increases under grazing treatments 
(Pineiro et al. 2010).  This shift in higher C levels under grazing points toward a system where SOM 
formation is increasingly N limited. Looking at annual and perennial grasses in Alberta, Canada, soil C 
and N generally decreased with increasing grazing pressure for both functional groups (Mapfumo et al. 
2002).  Overall, litter C:N ratios decreased with increased grazing intensity.  Comparing an annual grass 
(X Triticosecale Wittmack) to perennials smooth bromegrass and meadow brome, perennial species 
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tended to have greater C amounts than the annual as well as larger N pools (Mapfumo et al. 2002).  While 
grazing impacts system nutrient cycling, actual shifts in the amount of N and C in the system do not 
always change.  On shortgrass prairie in Wyoming (Schuman et al. 1999), 12 years of light (20 steer-days 
ha-1) or heavy (59 steer-days ha-1) grazing did not change the mass of N or C in the soil/plant system.  
However, distribution did shift, as more N and C were concentrated in the rooting zone (0-30 cm) of the 
soil.  In another Wyoming study (Ingram et al. 2008), 10 years of grazing were studied.  No grazing, light 
grazing (10% utilization) and heavy grazing (50% utilization) were compared for SOC and total N. Soil 
organic carbon was 30% lower in the heavy grazing treatment than the light or no grazing.  Total N 
increased in the no grazing and light treatments but showed marked decline in the heavy grazing 
treatment. Lolium multiflorum and paspalum dilatatum litter in Argentina provided higher nutirent release 
and greater amounts of soil avalible N under grazing treatments (Semmartin and Garibaldi 2008). 
Comparing low grazing pressure (1 beast 10 ha-1) to high (1 beast 2 ha-1) in Australia, soil organic C 
levels in the short term did not change.  However when long-term grazing sites were sampled, total C was 
lower on sites that had historically been overgrazed (Holt 1997). Long-term grazing (56 years) in 
Colorado comparing heavy (60-75% utilization) to light (20-35% utilization) and no grazing resulted in 
higher soil organic C and soil inorganic C in the heavy grazing treatments (Reeder et al. 2004).   
The portion of N cycled by domestic livestock in grasslands is a critical component of the overall 
N cycle.  The role of animals redistributing N across a pasture through urine and feces is of particular 
importance. On shortgrass prairie in northern Colorado, almost 25% of N from the study pasture areas 
away from tanks and corners was removed and redeposit in these areas as excrement (Augustine et al. 
2013).  Grazing may also affect soil physical characteristics, impacting nutrient cycling.  Sheep and goat 
grazing studies in Mongolia have shown a positive correlation between grazing pressure and soil bulk 
density (Steffens et al. 2008). A summary of 67 published papers conducted across a variety of landscapes 
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and climates, showed that soil bulk density either increased or showed no change when subjected to 
grazing (Pineiro et al. 2010). 
Shariff et al. (1994) showed that soil N was mineralized at higher rates under moderate grazing 
when compared to the control and high intensity stocking. Litter in this study increased in N content over 
the year of placement while litter in high stocking or the control lost or maintained initial N. This paired 
with lower rates of N loss from litter in moderate stocking treatments led the researchers to claim that 
moderate stocking may provide more available N for plant growth, and retain N within the system.  When 
looking at what portions of litter are most readily mineralized, 13C mineralization was greatest for Lolium 
perenne under soluble and whole-tissue treatments when compared to insoluble tissue fractions (Paterson 
et al. 2008).  Ingram et. al. (2008) also saw greatest N mineralization under light grazing and lowest under 
heavy stocking. The impact of microarthropods on mobilizing litter N content has been shown to be of 
importance (Beare et al. 1992). In situations where fungal growth represents the primary means of 
decomposition, microarthropods have been shown to graze on fungi, releasing N that has been tied up in 
fungal biomass. In Argentinian grazing studies, a majority of N from litter was immobilized more often 
than mineralized.  This process responded negatively to precipitation (Semmartin et al. 2004). In 
Colorado, net N mineralization and total organic N were lower in high and low stocking treatments when 
compared to nongrazing (Reeder et al. 2004). 
The role of plant species composition is important to consider as well.  Changes in grazing 
intensity can result in shifts in plant communities, influencing nutrient cycling indirectly (Semmartin et 
al. 2004).  Long-term heavy grazing in Colorado shifted plant communities toward C4-dominated prairie, 
while excluding grazing increased the amount of C3 species present (Reeder et al. 2004).  Studies done on 
five monoculture plantings of perennial grasses in Minnesota showed divergence of in situ net N 
mineralization due to species over a 3-year treatment (Wedin and Tilman 1990).  Plant N content also 
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tends to fluctuate through the growing season. Wedin and Tilman (1990) showed that various species, 
especially in regard to their C3 or C4 functional grouping, have highly varying levels of N mineralization 
over the course of a growing season. Warm-season grasses (little bluestem and big bluestem) tended to 
peak in early June and possibly again in late August after full growth had occurred.  In contrast, cool-
season species (Agropyron repens and Agrostis scabra) tended to peak in mineralization in mid-August, 
after summer dormancy had occurred.   In shortgrass prairie, N contents tended to peak from June-August 
(Augustine et al. 2013). N content of leaves of big bluestem and switchgrass in tallgrass prairie tended to 
peak in late May (Knapp 1985). 
Decomposers 
The organisms that facilitate the decomposition of plant litter are themselves extremely important 
in the speed, efficiency, and completeness of decomposition. In particular, the proportions of bacteria and 
fungi in the soil influence C and N turnovers, as well as the speed at which these cycles function. Fungi 
are associated with slower decomposition of surface residues (Lundquist et al. 1999). The network of 
fungal hyphae required for this sort of decomposition can be sensitive to disturbance. As such, fungal 
decomposers may react negatively to increases in grazing pressure (Dormaar et al. 1989). In southern 
Wisconsin, management intensive grazing (54 AU ha-1), continuous stocking (4 AU ha-1), hayed, and no 
treatment controls were compared with no differences occurring in microbial biomass.  Differences 
between grazed and non-grazed treatments did show differences in microbial species, with grazed plots 
containing lower C:N ratios and increased numbers of bacteria than ungrazed plots (Oates et al. 2012). In 
a 30 week study of litter decomposition in temperate climates showed that while bacterial communities 
shift over time and are important in early decomposition, 13C tracking showed fungal growth was an 
important part of the decomposition process over the long term (Esperschutz et al. 2012).  This temporal 
shift was looked at in another study with treatments of; rye straw that was leached of readily available cell 
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solutes, unleached straw, and the leachate. Early in the study, bacteria generally increased in abundance 
for all treatments. As decomposition progressed in the unleached straw and leachate, gram-negative 
bacteria increased.  These populations fell once the readily available C was fully utilized.  At this time, 
fungal decomposers increased in abundance; utilizing the more recalcitrant C sources.  Fungal biomass 
remained relatively constant on the leached straw throughout the experiment (McMahon et al. 2005). This 
temporal progression of bacteria using soluble C sources early; followed by fungi utilizing insoluble C is 
also seen in a study using 13C labeled plant tissues in Scotland (Paterson et al. 2008). Seasonal shifts in 
microbial composition have also been shown to occur.  In oak forests in Michigan (Myers et al. 2001), 
fungi dominate spring decomposition.  As the summer progresses, bacteria become the dominant 
decomposer, decreasing in the fall and fungi taking over dominance again.   
Within the bacterial component of decomposers, differences can occur temporally and spatially. 
For high quality (low C:N ratio) residues in temperate climates, early decomposition is done by 
Proteobacteria, followed by Bacteroidetes then Actinobacteria (Pascault et al. 2010).  These different 
microbial groups are able to best utilize different litter substrates, with the Proteobacteria specializing in 
the decomposition of readily available fresh litter.  Bacteroidetes dominate partial decomposed litter as 
available N and C becomes more recalcitrant and Actinobacteria are the final stage as they are able to 
decompose complex materials such as cellulose and lignin. The timing of shifts in the bacterial 
community occurred much quicker (1-4 weeks) in higher quality litter L. corniculatus with high levels of 
N, than lower quality litter C. epigejos (4-30 weeks) (Esperschutz et al. 2012).  Shifts in microbial 
communities may occur with time as the nutrient value of litter shifts over the course of decomposition.  
In California (Lundquist et al. 1999), a study on rye residues showed a microbial population limited by 
available C.  Incorporation of rye into the soil created a spike in zymogenous bacteria, which quickly used 
the available C sources then crashed.  This was followed by a community dominated by autochthonous 
bacteria and fungi that slowly utilized the more recalcitrant C sources.  In soils recently exposed to plant 
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growth due to glacial retreat in Switzerland, the soils, which were most recently exposed, contain litter 
dominated by fungi, archeae, microeukaryotes, protozoa, and cyanobacteria.  On these sites microbial 
biomass was comprised of microbes that could utilize soil derived C as a C-source for their growth. More 
complex bacteria dominated decomposer communities take over as the sites age. The more complex 
bacteria require frequent inputs of C from litter sources for their growth.  These complex bacterial groups 
could be split into two groups; Gram-negative bacteria and Gram-positive bacteria.  Gram-negative 
bacteria increase in abundance with the deposition of new litter, showing they were readily using the fresh 
C source for growth (Esperschutz et al. 2012).  Once the fresh C has been utilized, their population 
decreases.  In contrast, Gram-positive bacteria maintain a more steady population, utilizing more 
recalcitrant forms of C for growth. This results in a slower response and more steady population. This 
idea of unique bacterial communities for different litter substrates that shift over time is also seen in a 
study conducted on Quercus spp. in Michigan where different species had unique microbial communities 
(Myers et al. 2001).  Microbial communities that are correlated to a specific litter type have also been 
noted in Norway, where functional litter types decomposed faster when placed in environments where the 
litter material was naturally found (Olofsson et al. 2002).  Differing microbial communities unique to 
specific litters may not be a general rule. A comparison between no, light and heavy grazing in Wyoming 
showed no differences between microbial community composition utilizing phospholipid fatty acid 
biomarkers (Ingram et al. 2008). 
Microorganisms are often focused on as the primary drivers of litter decomposition; macro-
invertebrates also play a role. These species increase surface area of litter available for decomposition by 
breaking it into smaller pieces and sometimes increasing its contact with the soil substrate by burying.  
Larrea tridentata (DC.) Coville litter decomposing in hot deserts was treated with insecticide to 
determine the influence of macroarthropods on litter decomposition rates.  Biomass loss from bags treated 
with insecticide was lower than in untreated bags (Santos et al. 1984). A study conducted across various 
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tropical sites in the world utilized litter bags with 52 µm or 2 mm meshes.  Bags with the smaller mesh 
prevented decomposition by mesofauna and resulted in reduced decomposition rates of ½ that of the 2 
mm bags (Powers et al. 2009). 
Position of litter in or on the soil profile also may impact decomposition.  In studies in Georgia 
surface litter and buried litter were compared for decomposition rates and decomposer communities.  
Litter buried below the soil surface decomposed 2.5 times faster than surface litter.  There was also a shift 
in microbial communities.  All microbial biomass was greater on buried litter than surface litter.  Buried 
litter had a higher proportion of bacterial decomposers then surface litter that was decomposed primarily 
by fungal groups (Beare et al. 1992). 
The impact litter placement may be confounded by the role of grazing on soil microbial 
communities.  On typical steppes in Inner Mongolia, microbial biomass carbon concentrations were 
significantly higher in the top 0-5 cm than lower 5-10 cm for all grazing treatments. In the 0-5 cm range, 
light grazing treatment (0.91 sheep ha-1) had significantly higher microbial biomass carbon concentrations 
than the ungrazed control, but did not differ from moderate and high stocking treatments. No differences 
between treatments existed at the 5-10 cm sample range (Liu et al. 2012).  The availability of organic 
matter and appropriate conditions for decomposition result in the increased microbial biomass carbon 
seen at shallower soil depths (0-5 cm) than lower in the soil profile (5-10 cm).  With the introduction of 
grazing, it appears that a tradeoff between litter reduction due to grazing and increased microbial activity 
stimulated by the grazing process occurs.  The importance of appropriate conditions and availability of 
organic substrate for microbes to utilize is still present shown in the lack of difference at the 5-10 cm 
level.  Microbial biomass may also be a good precursor for other substantial shifts about to occur in 
ecosystems.  On short-term grazing treatments in Australia (Holt 1997), heavy grazing resulted in 
decreased soil microbial biomass C levels (24%) when compared with light grazing (51%).  However, no 
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difference was seen in soil organic C levels.  When sites with sustained grazing management of at least 10 
years were studied, both soil C and microbial C were lower in poorly managed sites than those under 
appropriate grazing. 
Summary 
The role of litter decomposition on both moisture and nutrient cycles in rangelands is undeniably 
important in grassland ecosystems (Briggs and Knapp 1995; Burke et al. 1998).  The impact of grazing on 
these roles can be complex, but is becoming better understood through the efforts of research.  In general, 
litter production decreases when sustained overgrazing occurs (a Naeth et al. 1991; Mapfumo et al. 2002; 
Christie 1979).  This decrease may be due to decreased overall production of stressed plants (Li et al. 
2011) as well as shifts in plant community (Schuman et al. 1999).   
Varying amounts of litter present in turn impact soil hydrology and N cycles. Specifically 
inception and infiltration of precipitation (Blackburn 1975; Thurow et al. 1988) are decreased as soil litter 
amounts vary.  N cycling can increase or decrease depending upon environmental factors (Averill et al. 
2014) as well as the initial nutrient quality of the litter (Heithschmidt et al. 1987; Esperschutz et al. 2012; 
Pascault et al. 2010). Differing nutrient qualities of forages may actually be driven by grazing itself 
(Olofsson et al, 2002; Steffens et al. 2008) and resulting shifts in plant communities (Semmartin et al. 
2004). This livestock driven shift in plant nutrient concentrations contributes to the role livestock also 
play redistributing nutrients across a pasture through fecal material and urine (Augustine et al. 2013; 
Pineiro et al. 2010).  The role of livestock trampling is debated sited as positive by some (Savory et al. 
1980) and negative by others (Dormaar et al. 1989; Pineiro et al. 2010). 
Ultimately the factors influencing decomposition of litter are mediated by the soil microbial 
populations, which do the actual decomposing.  These organisms, primarily bacteria and fungi, require 
appropriate environmental conditions and nutrients to complete their work.  Bacteria often work quickly 
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first, decomposing nonrecalcitrant portions of litter with fungal groups increasing in dominance as 
decomposition progresses and more recalcitrant materials are left (McMahon et al. 2005; Paterson et al. 
2008; Lundquist et al. 1999).   
The importance of litter decomposition to the soil environment and overall health of plants and 
ecosystem can be seen.  By manipulating grazing strategies and techniques the environment for microbial 
communities to actively decompose litter may be influenced, resulting in shifts in the hydrologic and 
nutrient cycles. 
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Chapter 2: Net Root Production in Response to Grazing on Sandhills Subirrigated Meadow 
Introduction 
Range and pasturelands cover about 50% of the land area in Nebraska.  The 5.3 million ha 
composing the Sandhills account for approximately half of Nebraska’s range and pasturelands.  
Rangeland ecological status, productivity, and overall health are governed by dynamic interactions of 
biotic and abiotic factors (Duursma et al. 2008).  Of these factors, grazing management and water 
availability are considered the most important. Grazing methods are designed to manage botanical 
composition and production of rangeland vegetation for a variety of ecosystem services, with beef cattle 
production key for the Sandhills.  Subirrigated meadows in the Sandhills have been used primarily for hay 
production and dormant-season grazing, but increasing numbers of producers are grazing this resource 
during the growing season. Rotational grazing systems with 3 to 6 pastures and 15- to 30-day grazing 
periods are commonly used when grazing meadows (Volesky et al. 2004). 
There has been a trend in evolving grazing methods where grazing periods are becoming shorter.  
Recently, mob grazing with ultrahigh stock densities is gaining popularity across Nebraska, including in 
the Sandhills, and is reported to increase forage production by two to four fold and to enhance grassland 
health, i.e., rapid top soil development and carbon storage (Gompert 2010). Mob grazing entails grazing 
periods of short duration followed by long recovery periods. Grazing periods in a mob grazing system are 
often one day or less. Practitioners and advisors are claiming the best responses from stocking densities of 
115,000 to 225,000 kg or greater per ha and moving grazing animals several times daily (Gompert 2010). 
In a mob grazing situation, cattle tend to graze and/or trample vegetation evenly over the grazing unit. 
The fundamental unsubstantiated claim made in non-peer reviewed proceedings (Gompert 2010) and 
research reports (Bisinger and Russell 2013; Dunn et al., 2011) is that minimizing the grazing period 
length annually optimizes ecosystem responses, i.e., carbon sequestration (Dennis 2010; Peterson 2014), 
net primary production (above- and belowground) (Gompert 2010; Newport 2013), and nutrient cycling 
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(Johnson 2013; Gompert 2010; Newport 2013; Peterson 2014).  Trampling standing herbage uniformly 
over a grazing unit, thus avoiding leaving patches of standing vegetation, is viewed as critical in 
optimizing rates of nutrient cycling (Dennis 2010; Peterson 2014). Thus a greater proportion of nutrients 
are more rapidly cycled and made available for plant growth when standing vegetation not consumed by 
grazing animals is trampled and decomposed by soil micro-organisms (Peterson 2014; Dennis 2010). The 
improved soil conditions and increased rates of nutrient cycling are also assumed to increase microbial 
activity and above- and belowground productivity of higher plants. No published research or empirical 
data is available to support these claims.   
 The important role of roots in plant growth is well known and documented (Brady and Weil 
2002).  However, the difficulties in studying root systems has left much room for the exploration of how 
plant roots interact with their environment and react to stressors  (Craine et al. 2002). In prairie 
ecosystems, aboveground growth is less than half of total plant biomass present in the system (Milchunas 
and Lauenroth 1989). Much of this growth occurs within the top 20 cm of the soil (Johnson and Matchett 
2001) with some sources citing up to 80% of root biomass in the top 15 cm of soil (Weaver 1982; Mousel 
et al. 2005).   The densities of roots so close to the surface allows plants to quickly utilize any moisture 
that may become available through precipitation events.  While root growth in this zone is prolific, it also 
may be highly variable, with estimates of 55% of fine roots dying and being replaced annually (Gill et al. 
1999). This annual turnover of roots plays an important role in nutrient cycling by providing organic 
matter for decomposition by soil microorganisms.  This is of special interest to the carbon cycle and the 
role root turnover plays in carbon sequestration. 
 During a grazing event, a plant undergoes stress because of the removal of photosynthetic area 
and a reduced capacity for energy production.  This stress is seen belowground as well as above, as a 
general decline in root mass and rooting depth is seen under grazing pressure (Holland et al. 1992). This 
decline in root growth and biomass can be a response to the grazing stress by rapidly replacing lost leaf 
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area and altering carbon allocation (Trlica and Rittenhouse 1993). This increase in root death caused by 
grazing stress may add to the impact plant roots have on nutrient cycling in these systems, particularly 
nitrogen (Johnson and Matchett 2001) and carbon (Holland and Detling 1990) cycling. 
 The objectives of our study were to: determine the effects of different harvesting methods (mob 
grazing, 4-pasture rotation, continuous grazing and no grazing) on root and aboveground production in 
subirrigated grasslands. As such, we hypothesized that mob grazing would have greater production of 
aboveground vegetation and roots than other grazing treatments and control. 
Study Site 
The study was conducted on subirrigated meadow at the University of Nebraska-Lincoln Barta 
Brothers Ranch (BBR) located about 11 km northwest of Rose, NE.  The meadow is typical of the east-
central Sandhills and is dominated by introduced, perennial cool-season grasses and sedges.  Common 
introduced cool-season grasses on the study site were red-top (Agrostis stolonifera L.), timothy (Phleum 
pretense L.), quackgrass (Elymus repens (L.) Gould), smooth bromegrass (Bromus inermis Leyss.), 
creeping foxtail (Alopecurus arundinaceus Poir.) and Kentucky bluegrass (Poa pratensis L.).  Lesser 
amounts of warm-season grasses, including big bluestem (Andropogon gerardii Vitman), switchgrass 
(Panicum virgatum L.), prairie cordgrass (Spartina pectinata Bosc ex Link), and indiangrass 
(Sorghastrum nutans (L.) Nash), were present.  Two common forbs were red clover (Trifolium pratense 
L.) and white clover (Trifolium repens L.). Several native sedges (Carex spp.) and rushes (Equisetum 
spp., Eleocharis spp., and Juncus spp.) were throughout the meadow. 
 The region is characterized as semi-arid with an average annual precipitation of 53.8 cm. Typical 
of a mid-continental climate, nearly 75% of annual precipitation falls during the growing season from 
April through September.  The average maximum temperature for the region is 16.3°C while average 
minimum temperature is 2.6°C. 
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Soils on the meadow are Els loamy sand (mixed, mesic Aquic Ustipsamments) and Tryon loamy 
fine sand (mixed, mesic Typic Psammaquents.  Meadows are nearly flat with slopes of 0 to 3%. The 
water table at the site is high, being within 25 to 150 cm of the soil surface during a majority of the 
growing season. 
Grazing Treatments 
 In 2010, a study was initiated at this site to compare three grazing methods, traditional haying, 
and a no-use control in terms of vegetation and soil responses. The grazing treatments included mob 
grazing, 4-pasture rotation with a single grazing cycle (4-PR-1), 4-pasture rotation with two grazing 
cycles (4-PR-2), and continuous grazing for 60- to 90-day grazing seasons during the summer. Treatments 
contained differences in the level of management intensity, stocking density, grazing pressure, and length 
of grazing period.  The stocking rate for grazing methods was the same at 7.4 AUM/ha; however, 
stocking densities were 14.8 AU ha-1 (6,700 kg ha-1) for the 4-PR-1, 445 AU ha-1 (202,000 kg ha-1) for the 
mob-grazing treatment and 11.0 AU ha-1 (5,000 kg ha-1) for continuous grazing.   The continuous grazing 
treatment was established in 2011while the other treatments began in 2010. The study of annual root 
growth was conducted in 2012 and 2013 and used only the mob grazing, 4-PR-1, and continuous grazing 
treatments, as well as the no-use control. Grazing period lengths ranged from 0.5 day for the mob-grazing 
pastures to 15 days for the 4-PR-1, and 60 days for the continuous grazed pastures.  
In 2012, grazing began on 6 June for the three grazing treatments. Nine steers were rotated 
through pastures (0.42 ha) of each replication of the 4-PR-1 system during the 60-day grazing season. 
Four steers were placed in each pasture (experimental unit; 0.75 ha) of the continuous grazing treatment. 
Each mob-grazing replication (6.8 ha) was divided into 120 paddocks that were about 0.06 ha in size. 
Thirty-six yearling steers were moved to a fresh paddock twice per day for 60-days.  Standing vegetation 
in the hay plots (1.0 ha) was cut with a traditional sickle bar mower and raked in late July, and baled by 
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early August. Control plots (1.0 ha) were harvested in the dormant season during 2010. Due to labor 
restrictions, no harvest of the control plots had occurred since 2011. In 2011, one of the control plots was 
hayed accidently in late July.  Because of this, the control plot was abandoned and an adjacent area that 
had been unharvested for the length of the experiment was assigned as a replacement control. 
In 2013, grazing began on 12 June.  Due to drought conditions the previous year and poor spring 
vegetation growth, stocking rates were decreased by 17%. This adjustment led to six steers being rotated 
through the 4-PR-1 system over the 60-day grazing season.  Three steers were grazed in the continuous 
grazing treatment for 60 days.  Mob-grazing replications were decreased to 26 steers.  The stocking rate 
reduction was made by lowering animal numbers, and in order to maintain stocking density similar to 
previous years, paddock size and rotation were also adjusted. Mob grazed paddocks were reduced to 0.04 
ha leading to a rotation of three paddocks daily.  
In-growth Root Cores 
In-growth root cores were established in both replications of the mob grazing, 4-PR-1, and 
continuous grazing treatments and the control.  In each replication of these four treatments, 12 soil cores 
(15 cm deep and 5 cm in diameter) were taken in early May for both 2012 and 2013 field seasons using a 
bucket auger.   Three cores were taken from random locations in each of the four quarters of the mob-
grazed replications.  In both four-pasture rotations with one cycle, three cores were taken from each of the 
four pastures.   All 12 cores were taken at random locations in each of the control plots and each of the 
continuous graze pastures.  In all cases, cores were not taken in standing water, within 2 m of fences, or 
within 5 m of water/mineral placements.  Each core location was given an ID number, flagged, and GPS 
location recorded.  Soil from the cores was separated into the top 7.5 cm and bottom 7.5 cm portions upon 
removal, and dried at 60◦C in a forced-air oven for a minimum of 12 hours.  Once dry, the soil was sieved 
through 1.4- and 1.0-mm screens to remove existing root material.   
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  Two-mm plastic mesh was cut and stapled to form cylinders with internal dimensions of 15 cm in 
length and 5 cm in diameter. A 5-cm diameter cap was secured to one end of the cylinder with hot glue 
and staples, and then labeled for identification.  Mesh cylinders were placed into each of the augured 
holes (with the capped end at the bottom of the hole) and filled with the sieved soil on 16 May 2012 and 
15 May 2013.  To further mark the holes, orange whiskers were placed in the ground at 10 cm to the west 
and a metal washer placed under the soil surface at 15 cm to the north.  The fill soil had settled 1 to 3 cm 
into the cylinder (soil core) by June.  These cores were filled with additional sieved soil, processed in the 
same way as the original fill soil. Cores were retrieved at the end of the growing season (late October). A 
spade was used to dig up the soil immediately surrounding the core.  A knife was used to cut through the 
removed soil block and separate the core from the surrounding soil and roots.  Roots growing into the 
core were trimmed as close to the mesh as possible before placing the core in a plastic bag. Retrieved 
cores were placed in frozen storage until root processing occurred. In 2012, the hand-washing process 
involved laying the thawed core on a tray and hand separating root masses from the soil. Once all 
noticeable roots were removed, the soil was sieved through a series of 10 (2 mm), 14 (1.4 mm), and 18 (1 
mm) sieves.  Additional roots were removed from the sieves.  Once all root matter was removed from the 
soil, it was placed in a 500 mL wide-mouth plastic bottle with 200 mL of hexametaphospate solution (1 
gram/ 200 mL H2O) and placed on a shaker table for 2 hours.  In 2013, retrieved soil cores were much 
wetter and the dry pre-sieving process used the previous year was unworkable.  After thawing, cores were 
placed on 10, 14, and 18 series of sieves and water was gently run over the soil mass to expose the roots.  
Large root masses were removed when clean of excess soil.  Roots were hand removed from sieves and 
placed into a 500 mL wide-mouth bottle.  The remaining washing procedure followed that used in 2012. 
After the allotted time had passed, the contents of the bottle were poured over a #60 fine sieve and lightly 
rinsed to remove excess debris.  The root mass was then moved to a water bath of distilled water and left 
to sit for one minute.   The mass was gently agitated and large roots either removed for storage (if clean) 
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or placed into a second bath (if still dirty). Roots were considered clean if less than 5% of the sample 
mass was soil organic matter.  Not all material was able to be removed as fine roots had often grown 
through such materials and were impossible to remove without breaking off some root mass and losing it 
in the washing/filtering process.  The remaining material in the bath was handpicked for remaining root 
segments (>1 cm in length).  The process was repeated on the second bath and any additional baths 
required.  After root mass samples had been washed, they were placed in a forced-air oven at 50˚C for 48 
hours and weighed to the nearest 0.0001.   
Aboveground Biomass 
 Annual aboveground biomass production was determined in August each year.  At this time, 
growth of cool- and warm-season species had reached full maturity so peak biomass production could be 
assessed accurately by destructive harvesting.  Prior to the commencement of grazing treatments each 
year, 10 exclosure cages (1.5 m x 1.5 m) were randomly placed in each replication of each treatment.  
Vegetation within a 0.25-m2 frame (1 x 0.25 m) was hand-clipped to ground level and sorted into living 
(current year growth) and standing dead (previous year’s growth) categories.  Plant litter on the soil 
surface was also collected. Harvested biomass was placed in a forced-air oven at 60°C for 48 hours then 
weighed to the nearest 0.01g. 
 Root production was highly variable among in-growth root cores in 2012; therefore, an attempt 
was made to quantify species composition and production of vegetation surrounding the core locations 
using a dry-weight rank protocol (Mannetje and Haydock 1963).  A 0.1-m2 square frame was placed 
around each core, with the core directly in the center of the frame.  For each frame, the top 3 species 
present were recorded. Top species were decided by the reader as those whose full growth potential 
without grazing was considered to be the highest weight if harvested and dried.  Once sampled, the 
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equation (DWi%=0.702*X1i+0.211*X2i+0.087*X3i) was used to determine the dry weight of the ith 
species. X1i, X2i, and X3i are the relative frequency of the first, second, and third rank of the ith species. 
Data Analysis 
Four treatments with two replications each containing 12 sub-samples were analyzed for statistical 
differences.  A mixed-model analysis of variance (ANOVA) utilizing SAS PROC MIXED with mean 
separations to determine effects between treatments was utilized ( SAS Institute Inc. 2010).  Mean effects 
for root characterization were annual root production by weight with a covariant of dry-weight-rank 
species. Effects were considered significant at a P ≤ 0.05. 
Results 
Precipitation and Temperature 
   At the study site, temperatures during 2012 averaged 10.6°C which was 20% higher than the 
ten-year average of 8.9°C. During the growing season (April-September), average temperature was 
19.3°C which was almost 15% higher than the ten-year average of 17.8°C (Figure 2-1).  The peak of the 
hot weather was in June and July when average temperatures were almost 3°C higher than the long-term 
average, and maximum temperatures were 4.5°C higher than average maximum temperatures in June and 
5°C higher in July.   
Cumulative growing-degree days over 10°C followed a trend similar to average temperatures  
(Figure 2-2).  Cumulative growing degree-days for 2012 by July were 2319, almost 25% higher than that 
of 2013 (1683 GDD) and 20% higher than the ten-year average (1849 GDD).  Overall, 2012 had a higher 
number of growing-degree days in the first seven months of the year than 2013.  In particular, March of 
2012 had four times more growing-degree days than March of 2013. 
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   Total precipitation during 2012 was 28.2 cm, almost 50% less than the ten-year average of 54.3 
cm (Figure 2-3).  Precipitation during the growing season matched this trend with only 21.7 cm falling 
during the months of April through September compared to the ten-year average of 41.3 cm. 
 In 2013, the average temperature for the year was 7.8°C, or 1.1°C below average (Figure 2-1).  
Average temperatures during the growing season were 16.9°C, or 0.9°C below average.  Annual 
precipitation for the year was 0.7 cm above average at 55.02 cm and 2.1 cm below average for the 
growing season with 39.2 cm of precipitation falling from April through September (Figure 2-3). 
Annual Net Root Growth 
 Data from root production showed a significant year by treatment interaction. Net root production 
in 2013 was greater than that in 2012, therefore treatments were compared within year.  Net root 
production for control plots was greater than all grazing treatments for both 2012 (Figure 2-4) and 2013 
(Figure 2-5).  Net root production for the control plots in 2012 was 64% greater than the average for the 
grazing treatments of that year, 190 g m-2.  Net root production of control plots in 2013 was 58% greater 
than the average of the grazing treatments, 418 g m-2. Grazing treatments did not differ within 2012 
(Figure 2-4) or 2013 (Figure 2-5).   
Aboveground Biomass 
 Unlike belowground, aboveground biomass showed no differences among treatments in 2012, 
averaging 409 g m-2 across all treatments.  In 2013, aboveground biomass of the mob treatment did not 
differ from the 4-PR-1 and continuous grazing treatments but was greater than the control (Figure 2-6). 
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Root:Shoot Ratio 
 Utilizing data for root production and aboveground biomass, root:shoot ratios were calculated to 
further compare treatments.  Because of a year by treatment interaction, treatments were compared for 
root:shoot ratio within year. In 2012, there was no significant difference among treatments. The average 
ratio for all grazing treatments combined was 0.54.  In 2013, the control had the highest ratio of 1.78 
(Figure 2-7) and was greater than all grazing treatments.  No differences were detected among grazing 
treatments, with an average ratio of 0.93 for the year among grazing treatments combined.  
Dry-Weight Rank Method 
 Estimates of net root biomass among cores and between the two treatment replications were 
highly variable. In an attempt to correlate variance in root biomass with a variable other than the 
treatment, plant species around the root cores were ranked using the dry-weight rank method.  The 2012 
dry-weight rank data were lost because samples were mislabeled. Analysis of the 2013 data, however, 
found no relationship between plant species surrounding the core and root weight. 
Discussion 
Precipitation and Temperature 
Differences in precipitation and temperature between years appeared to be the principal factors 
affecting above and belowground plant production.  Plant production was relatively low in 2012 when 
conditions were dry and hot.  The treatments appeared to respond differently to the change in 
precipitation and temperature from 2012 to 2013, this resulting in year x treatment interactions.  The exact 
cause of the differing response requires further investigation. Grazing pressure received by individual 
plants and recovery time differences in grazing treatments may have been an influence in the different 
responses by grazing treatments.  The extreme pressure on plants from mob grazing may have depleted 
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reserves and led to a slower recovery than other grazing techniques. Increased variability due to the 
difference in years also may have led to difficulty detecting differences among treatments.  
Annual Net Root Growth 
The utilization of in-growth root cores to measure annual net root production is generally 
considered an effective method for comparing root growth between treatments (Johnson and Matchett 
2001).  However, there still may be some influence of the method on the exact biomass production 
recorded.  Introducing a core of soil free from roots provides an area often higher in N, differing in 
moisture content and lower in bulk density (Steingrobe et al. 2000). Finally, the measurement of root 
growth over the growing season produces an estimate of net annual growth. The core contains only new 
roots produced during the growing season however, during this period some roots will have grown and 
died in the core before it was removed.  Thus, the in-growth core is measuring net root growth at the end 
of the season, not the total root growth from the entire growing period. 
After the fourth year of treatments, the shorter grazing periods and long recovery offered with 
ultrahigh stocking density did not result in the increased net root production that was hypothesized.  
While differences in grazing treatments, such as recovery period and stocking density impact factors such 
as harvest efficiency, it appears their effect on the vegetation production in the subirrigated meadow is 
minimal. Our results show that these pastures, when stocked at the same stocking rate, do not differ in net 
annual root production in response to method of grazing.  
The greater root biomass found in the control may simply be because defoliation causes reduced 
root production in the grazing treatments (Coughenour 1985).  Grazing produces a stress on the plant, 
reducing the amount of carbohydrates produced as well as creating a sink reducing energy available for 
root growth. Simply put, grazing has been shown to reduce root production compared to a control. 
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A buildup of litter that generally occurs when no biomass is removed can stifle productivity 
(Facelli and Pickett 1991). Field observations made during the study can confirm an increased amount of 
litter present in control. The natural progression toward a decline in productivity driven by excessive litter 
makes the increased root biomass in our study even more interesting.  Along with the increased root 
biomass associated with no grazing, the high water table of subirrigated meadows may restrict root 
growth to the upper portions of the soil profile. While a majority of roots occur in the upper soil profile 
naturally, the high water tables may further concentrate root growth in the upper soil profile. Observations 
at control sites during the installation of in-growth cores showed water tables at 15 cm in depth.  To 
compensate for this restriction in root growth, the majority of plant root growth may occur above the 15 
cm depth.  A majority of roots growing above 15 cm in depth is seen in other studies where high water 
tables are present (Bouma et al. 2002).   
While no direct tie between species around the root cores and net root biomass seems to exist 
(Dry-weight rank method), species sampling across the meadow for another study, using a modified step 
point technique, does show that the frequency of occurrence of sedges is highest in the control in 
comparison with the 4-PR-1 and mob treatments (Redden 2014).  While the increased presence of sedges 
may or may not be directly tied to the increased root mass seen in the control, they may signify 
differences in the soil environment in these treatments. 
Aboveground Biomass 
As with root production, no difference between grazing treatments was seen in aboveground 
biomass production. There was also no difference in aboveground biomass between years. Aboveground 
production differed from belowground where a distinct year difference was noted.  The lack of difference 
in production may be attributed to the fact that cool-season grasses that dominate the meadow may have 
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been able to produce a majority of growth before the impact of drought reduced growth.  Root growth 
was shown to be more sensitive to drought conditions, resulting in substantial reductions.  
Root:Shoot Ratio 
Temperature and precipitation effects on belowground plant growth seemed to have been the 
driving influence on root:shoot ratio. A ratio of 1 or greater has been shown to be normal among grass 
plants (Dalrymple and Dwyer 1967). A healthy and vigorous plant will have a ratio of well above 1.  In 
2012, the drought seemed to cause a reduction in root:shoot ratios so all treatments and control were 
below average.  This makes sense as roots were more greatly influenced than aboveground growth.  The 
return to near average precipitation and temperature conditions in 2013 resulted in the increased root 
production in the control becoming a factor, pushing our root:shoot ratio higher than the grazing 
treatments who had lower root production.  
Dry-weight Rank Method 
 While we had hypothesized that species surrounding the root cores may have explained some of 
the variation in root weights, we were unable to see anything definite with our study.  The factors 
influencing root growth are many and interact with each other to impact root growth.  In future studies, 
soil moisture content, air and soil temperature, and soil nutrients/organic matter and their interaction with 
one another and plant species should be considered to more clearly understand differences in root growth.  
If the influence of those factors could be understood, smaller differences between treatments could be 
detected.  
Conclusions and Implications 
 A single, short grazing period characteristic of mob grazing during the growing season does not 
favor aboveground or root production compared to other grazing methods or a non-grazed control on 
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subirrigated meadow in the Nebraska Sandhills.  The trampling associated with mob grazing also does not 
appear to create an environment at the soil surface and/or in the soil surface horizon that favors root 
production.  Overall, the three grazing methods tested in this study at a moderate to high stocking rate 
(7.4 AUM ha-1) had a negative effect on root production relative to a non-grazed control in the third and 
fourth year following initiation of grazing on subirrigated meadow.  The aboveground plant production, 
however, was comparable for all grazing treatments and the control.  In the third and fourth year of 
grazing subirrigated meadow, the relatively low levels of root production in grazed pastures appear to be 
adequate to support the same amount of aboveground production as recorded in the control areas. 
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Figures 
	  
Figure 2-1. Average monthly temperature at UNL Barta Brothers Ranch for 2012 and 2013, and 10-year 
average. 
	  
Figure 2-2. Cumulative growing degree-days based off of 10˚C at UNL Barta Brothers Ranch for 2012,  
2013, and the 10-year average. 
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Figure 2-3. Average monthly precipitation at UNL Barta Brothers Ranch for 2012 and 2013, and 10-year 
average. 
	  
Figure 2-4. Net annual belowground biomass produced during 2012 growing season for control and grazing 
treatments. Columns with unlike letters differ (P < 0.05). 
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Figure 2-5. Net annual belowground biomass produced during 2013 growing season by treatment. Columns 
with unlike letters differ (P < 0.05). 
	  
Figure 2-6. Annual aboveground biomass produced during 2013 growing season by treatment. Columns  
with unlike letters differ (P < 0.05). 
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Figure 2-7. Ratio of annual belowground production to aboveground production in the 2013 growing season 
by treatment. Columns with unlike letters differ (P < 0.05). 
 
 
 
 
 
 
 
 
 
0	  
0.5	  
1	  
1.5	  
2	  
2.5	  
Control	   4-­‐PR-­‐1	   Mob	   ConJnuous	  
Ro
ot
:s
ho
ot
	  ra
Jo
	  
b	  
a	  
b	  
b	  
77	  
	  
	  
Chapter 3: Litter Decomposition in Response to Grazing on Sandhills Subirrigated Meadow 
Introduction 
Trampling of vegetation has been described as a key factor by practitioners using ultrahigh 
stocking density grazing (Gompert 2010).  The trampling of ungrazed plants is purported to optimize rates 
of nutrient cycling and, in turn, improve soil health and increase plant diversity and forage production. 
However, no published research or empirical data is available to support these claims.   
The decomposition of plant materials is an integral part of nutrient cycling in prairie ecosystems 
affecting plant production, germination, establishment, and retention (Xiong and Nilsson 1999). In 
general, plant material that is not consumed by herbivores has one of two fates: (1) it is trampled or fouled 
by herbivore excrement and decomposed as fresh plant material or (2) it is senesced by the plant either 
once its maintenance is beyond the capabilities of the plant or at the end of the growing season.  In both 
cases, nutrients from the plant are added to the soil environment.  The input of fresh material into the soil 
for soil microorganisms often provides more nutrients than senesced materials (Pascault et al. 2010) 
Decomposition of plant material is mediated by soil microorganisms (Pineiro et al. 2010).  A mix 
of fungal and bacterial groups are responsible for initial rapid decomposition of non-physically protected 
and less chemically recalcitrant plant materials. Decomposition becomes primarily fungal over time 
taking a slow and steady approach, as available plant material becomes chemically recalcitrant. 
Decomposition of plant materials by soil microorganism is dependent on the litter material’s C:N ratio 
and soil moisture conditions.  Carbon:N ratios influence how much energy and raw materials are available 
for microbes during decomposition while soil moisture influences oxygen levels, water requirements, and 
mobility. In general, a lower C:N ratio provides better nutrient levels for microbial growth and activity. 
The impact of trampling litter material into the soil on soil nutrient cycles, soil physical 
characteristics, and the decomposition of the trampled litter is variable.  Some studies promote the 
positives of grazing as improving the overall nutrient status of the soil (Li et al. 2011). This comes mainly 
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through the redistribution of available nutrients in the system through incorporating litter or animal 
wastes.  Trampling is also purported to break down standing litter allowing it to be more readily 
decomposed (Willms et al. 1980). Others claim that trampling damages soil physical structure, resulting 
in increased bulk density and lower infiltration rates (Steffens et al. 2008). The actual impact on breaking 
down standing litter, especially that of bunch grasses is also questioned (Balph et al. 1985).  Whenever 
trampled plant material comes into contact with soil, it is acted upon by soil microbes and decomposed, 
with the nutrients are mineralized and incorporated into the soil environment where they may later be 
taken-up by plant roots and used for growth.  
Research has shown that at moderate stocking rates as much 60% of the standing plant mass can 
be trampled by mob grazing compared to 20 to 40% by conventional rotational grazing methods (Johnson 
2012). Other studies confirm this increase in trampling from high stocking density (Warren et al. 1986).  
While different grazing methodologies impact this plant animal interaction in various ways, the impact of 
stocking density is one of the most important.  
Homogeneous use of a pasture increases with increasing stocking density (Barnes et al. 2008). 
The patchy appearance of vegetation cover in a pasture, such as the re-occurrence of grazing lawns, 
decreases at very high stocking densities. More even use results in increased net primary production 
(Vickery 1972). As distribution of animals across the pasture also becomes more even, utilization of the 
pasture becomes more uniform (Savory et al. 1980).  This shift in utilization can be a result of stocking 
density; it is also greatly impacted by pasture size and distance to water, not necessarily attributed directly 
to a particular grazing system itself (Hart et al. 1991).   
 As animal distribution and evenness of use across a pasture changes, it affects individual animal 
utilization of forage.  As animal stocking density increases, studies show that harvest efficiency of 
available forage tends to increase because of the improved spatial distribution of the grazing animals (Ali 
et al. 1994; Smart et al. 2010). This tendency toward increased animal consumption must be balanced 
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with an increase in trampling that also accompanies increased stocking density (Savory et al. 1980; 
Warren et al. 1986). An increase in animal intake and trampling must come at the expense of forage left 
behind for plant recovery and maintenance.  
The purpose of this study was to determine the impact of grazing strategy on decomposition of 
trampled plant tissue. Mob grazing practitioners claim that the trampling of vegetation increases nutrient 
cycling partially by increasing the activity of soil microbes.  We tested this claim through two different 
experiments.   Experiment I tested the cumulative effects of three (2012) and four (2013) years of 
treatment application.  This was done by placing litter bags in grazing exclosures within the treatment 
pastures.  We hypothesized that mob grazing would result in a more active microbial community resulting 
in increased decomposition compared to a traditional grazing treatment and nongrazed control.  In 
Experiment II, litter bags were placed in mob grazed paddocks immediately following a grazing event and 
simultaneous in the control.  This was to determine the immediate effects of grazing on soil microbial 
activity.   We hypothesized that stimulation from the intense grazing event (mob grazing) would result in 
more rapid decomposition than the nongrazed control. 
Study Site 
The study was conducted on subirrigated meadow at the University of Nebraska-Lincoln Barta 
Brothers Ranch (BBR) located about 11 km northwest of Rose, NE.  The meadow is typical of the east-
central Sandhills and is dominated by introduced, perennial cool-season grasses and sedges.  Introduced 
cool-season grass species of particular abundance at the study site were red-top (Agrostis stolonifera L.), 
timothy (Phleum pretense L.), quackgrass (Elymus repens (L.) Gould), smooth bromegrass (Bromus 
inermis Leyss.), creeping foxtail (Alopecurus arundinaceus Poir.) and Kentucky bluegrass (Poa pratensis 
L.).  Lesser amounts of warm-season grasses including big bluestem (Andropogon gerardii Vitman), 
switchgrass (Panicum virgatum L.), prairie cordgrass (Spartina pectinata Bosc ex Link), and indiangrass 
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(Sorghastrum nutans (L.) Nash) were present.  Two forb species of particular abundance were red clover 
(Trifolium pratense L.) and white clover (Trifolium repens L.). Several native sedges (Carex spp.) and 
rushes (Equisetum spp., Eleocharis spp., and Juncus spp.) were also common. 
 The region is characterized as semi-arid with average annual precipitation of 53.8 cm. Typical of 
a mid-continental climate, nearly 75% of annual precipitation falls during the growing season from April 
through September.  The average maximum temperature for the region is 16.3°C while the average 
minimum temperature is 2.6°C. 
Soils on the meadow are Els loamy sand (mixed, mesic Aquic Ustipsamments) and Tryon loamy 
fine sand (mixed, mesic Typic Psammaquents).  Meadows are typically flat with slopes of 0 to 3 percent. 
The water table at the site is high, being within 25 to 150 cm of the soil surface during a majority of the 
growing season. 
Grazing Treatments 
In 2010, a study was initiated at this site to compare the effects of mob grazing with more 
traditional grazing methods utilized in meadow grazing, traditional haying and non-grazed control. For 
the past two years (2012 and 2013), the decomposition of plant litter has been a topic of research.  The 
grazing treatments included mob grazing, 4-pasture rotation with a single grazing cycle (4-PR-1), 4-
pasture rotation with two grazing cycles (4-PR-2), and continuous grazing. Treatments contained 
differences in the level of management intensity, stocking density, grazing pressure, and length of grazing 
period as well as trampling and disturbance at the soil-vegetation interface.  The stocking rate for the 
grazing methods were the same, 7.4 AUM ha-1; however, stocking densities were 14.8 AU ha-1 for the 4-
pasture rotation, 445 AU ha-1 for the mob-grazing treatment and 11.0 AU ha-1 for continuous grazing.   
The continuous grazing treatment was established in 2011while other treatment began in 2010. The study 
of annual root growth was conducted in 2012 and 2013 and used only the mob grazing, 4-pasture rotation 
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with a single grazing period, and continuous grazing treatments, and the non-grazed control. Grazing 
period lengths range from 0.5 day for the mob-grazing pastures to 15 days for the 4-pasture rotation, and 
60 days for the continuous grazed pastures.  
In 2012, grazing began on 6 June for the three grazing treatments. Nine steers were rotated 
through pastures (0.42 ha) of each replication of the 4-pasture rotation system during the 60-day grazing 
season. Four steers were placed in each pasture (experimental unit; 0.75 ha) of the continuous graze 
treatment. Each mob-grazing replication (6.8 ha) was divided into 120 paddocks that were about 0.06 ha 
in size. Thirty-six yearling steers were moved to a fresh paddock twice per day for 60 days.  Hay plots 
(1.0 ha) were harvested in late July with a traditional sickle bar mower, raked, and baled by early August. 
Control plots (1.0 ha) were harvested in the dormant season during 2010. Due to labor restrictions, no 
harvest of the control plots has occurred since 2011. In 2011, control plot 1 was accidentally hayed during 
the growing season in late July.  Because of this, the treatment was moved to an adjacent area that had not 
been harvested for the length of the experiment. 
In 2013, grazing began on 12 June.  Due to drought conditions the previous year and poor spring 
vegetation growth, stocking rates were decreased by 17%. This adjustment led to 6 steers being rotated 
through the 4-pasture rotation system over the 60-day grazing season.  Three steers were grazed in the 
continuous grazing treatment for 60 days.  Mob-grazing replications were decreased to 26 steers.  The 
stocking rate reduction was made by lowering animal numbers, and in order to maintain stocking density 
similar to previous years, paddock size and rotation were also adjusted. Mob grazed paddocks were 
reduced to 0.04 ha leading to a rotation of three paddocks daily.  
Decomposition Bags 
Litter bags were used to closely mimic the trampling effect in a controlled setting.  Trampled 
material is typically whole pieces of plant material and bent over to the soil surface (Figure	  3-1). Different 
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placement dates (June and July) were selected to observe the differences that weather conditions and plant 
maturity have on decomposition.  To accomplish this, plants used in the study were harvested 
immediately prior to their placement date, representing the maturity of plants on the meadow at each 
placement date.  
Decomposition bags 12.7 cm x 7.6 cm were made of 1.5 mm aluminum screen.  Bags consisted 
of a rectangle of screen being cut and folded in half to make an envelope of the desired size then stapled 
to seal the edges. One week prior to placement, quantities of quackgrass (Elymus repens L.) were 
harvested on meadow areas immediately adjacent to the study. Quackgrass was selected for use as the 
objective of the bags was to mimic trampling conditions occurring on the meadow. Quackgrass is early 
maturing, has large amounts of leaf easily removed from stem, and has high frequency of occurrence in 
the study area. Leaves and stems of the grass were separated then placed into a forced-air oven at 60◦C for 
48 hours. Once dry, half of each litter bag was filled with 1.50 g of leaf material and closed. Whole pieces 
of stem and leaf material that fit the bag size were used to mimic trampling.  The leaf material was placed 
closest to an attached ID tag for identification purposes during later retrieval dates.  The other half was 
filled with 1.50 g of stem material. The amount of material placed in each bag was based on weights of 
trampled material per unit area (0.03 g cm-2) found on the mob grazing treatment during 2010 and 2011. 
When scaled to the size of the decomposition bags, an amount of 1.5 g per side accurately represents the 
amount of trampled plant material per unit area in the bag. 
 In 2013, the bag size was adjusted to 13.7 cm x 7.6 cm in size.  The adjustment was because of 
the addition of a 1 cm wide strip being placed between the stem and leaf material.  The strip was added to 
allow the separate portions of the two material types to be cut apart and weighed after they were retrieved 
from the field, then again after drying to determine moisture content.  All other specifications for bag 
construction and filling followed the protocol of the previous year. 
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Experiment I 
Bags were set out twice during the growing season: mid-June (7 June 2012 and 18 June 2013) 
and mid-July (11 July 2012 and 9 July 2013).  At each placement month, five bags were initially placed at 
each of four sub-sample locations. This equated to 20 bags placed per replication. One of these five bags 
were retrieved at one week, one month, two months, at the end of the growing season (late October in 
2012, mid-November in 2013), and in June of the following growing season (6 June 2013 and 2 June 
2014). Samples collected in June 2014 were not included in data analysis for this chapter. Bags were 
placed on the soil surface in places with low plant density to minimize the need to move or cut plants for 
access to the soil surface.  Lawn staples were used to hold all four corners of the bags to the ground. 
Grazing exclosures (1 m x 1 m) were placed around each set of bags to protect them from livestock 
disturbance.  Each set was a total of ten bags with five retrieval dates and two initiation dates.  Four sets 
of decomposition bags were placed in each of the two replications of the grazing treatments: (1) mob 
grazing, (2) 4-PR-1, and (3) non-grazed control.  The sets of bags and exclosures were placed one per 
pasture in the two replications of the 4-PR-1, one in each quarter of each mob-grazed replication, and four 
in each non-grazed control plot.  
Immediately after retrieval, the bags were separated into leaf and stem material and dried for 48 
hours at 60˚C in a forced-air oven. Contents were then weighed to establish amount of mass 
disappearance.  Biomass disappearance data was then used to create a rate of decomposition. Rate (k) of 
loss was figured with the equation: 
 kt = 
!"!"!"!!!!!   
where kt is the rate of loss for time t, At is the mass of sample at time t, Ao is the initial mass of sample, t1 
is the beginning sample period in weeks and t2 is the ending sample period in weeks.  As our study did not 
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correct for microbial biomass or ash content of the litter bag, all presented rates of decomposition are 
relative.  Microbes and soil particles likely contaminated the samples collected at the end of a period.  We 
did not correct ending weights for either contaminant; therefore calculated decomposition rates were 
influenced by the contaminants. In our analysis we assumed the level of contamination for all samples 
was similar. 
 In 2013, samples were kept in their bags and separated into stem and leaf portions and weighed 
upon retrieval. Samples were then dried for 48 hours at 60˚C in forced-air oven, removed from the bags, 
and reweighed to determine moisture content and biomass. Upon weighing, the dried weight was used to 
calculate mass lost for each bag.  Next, the four samples within a retrieval date and for each treatment 
replication were composited and ground through a 0.6 mm mesh screen in a UDY mill.  Samples were 
analyzed for N and C content as well as cell soluble content. Nitrogen and C content were conducted off 
site at the UNL School of Biological Sciences using dry combustion GC analysis on a Costech Analytical 
ECS 4010.  Neutral detergent fiber (NDF) was determined using an ANKOM Fiber Analyzer.  Ground 
samples of 0.5 g were placed in ANKOM F58 filter bags and heat sealed.  Bags were then placed in a 
suspender in neutral detergent solution in the fiber analyzer.  After 90 minutes of agitation and heating, 
they were rinsed three times with boiling water and agitated for 5 minutes.  Once rinsed, the bags were 
placed in a forced-air oven at 60°C for 24 hours and weighed.  
Experiment II 
Bags were placed twice during the year, mid-June (12 June 2012 and 18 June 2013) and mid-July 
(11 July 2012 and 9 July 2013), in the (1) mob-grazed replications immediately following a grazing event 
in early June (11 June 2012 and 17 June 2013) and early July (10 July 2012 and 8 July 2013), respectively 
and (2) non-grazed control plots. Procedures for placing the bags were similar to that described in 
Experiment I, without grazing exclosures. Because placement of the bags occurred following a grazing 
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event, exclosures were not needed to protect the bags from cattle.  Sets of bags were placed four per 
paddock in each mob treatment replication and four per control plot. For each placement date, each set 
contained a total of ten bags with five retrieval dates: one week, one month, two months after placement, 
at the end of the growing season (late October in 2012 and mid-November in 2013), and the following 
growing season (6 June 2013 and 2 June 2014). Samples collected in June 2014 were not included in data 
analysis for this chapter. These bags were processed upon removal in similar manner as Experiment I and 
analyzed for C, N, and NDF. 
Data Analysis 
For Experiment I, three treatments with two replications, each containing four sub-samples were 
analyzed for each of five retrieval dates.  In Experiment II, two treatments with two replications, each 
containing four sub-samples were analyzed for each of five retrieval dates.  A mixed-model analysis of 
variance (ANOVA) utilizing SAS PROC MIXED with mean separations to detect differences among 
treatments was conducted (SAS Institute Inc. 2010).   As the analysis had three repeated-measures factors 
(time, placement, and year), time was nested within placement. Rate of decomposition, C content, N 
content, and NDF content differed by experiment year, thus these variables were analyzed separately for 
2012 and 2013 to gain more clarity in our analysis. Main effects for litter bags were decomposition rate 
measured by biomass weight change, percentage C, percentage N, and total non-structural cell solubles.  
For some data points, bags or retrieval periods were lost during processing.  For this reason some gaps in 
data are present in some tests. Effects were considered significant at a P ≤ 0.05.  
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Results 
Precipitation and Temperature 
   At the study site, temperatures during 2012 averaged 10.6°C which was 20% higher than the 
ten-year average of 8.9°C. During the growing season (April-September), average temperature was 
19.3°C which was almost 15% higher than the ten-year average of 17.8°C (Figure 3-2).  The peak of the 
hot weather was in June and July when average temperatures were almost 3°C higher than average and 
maximum temperatures were 4.5°C higher in June and 5°C higher in July than average.   
 Cumulative growing degree-days (base 10°C) had a trend similar to average temperatures 
(Figure 3-3).   Cumulative growing degree-days by July 2012 was 2319 GDD, almost 25% higher than 
2013 (1683 GDD) and 20% higher than the ten-year average (1849 GDD).  Overall, 2012 had a higher 
number of growing degree-days in the first seven months of the year.  In particular March 2012 had four 
times the number of growing degree-days than March of 2013. 
   Total precipitation during 2012 was 28.2 cm, almost 50% less than the ten-year average of 54.3 
cm (Figure 3-4).  Growing season precipitation followed this trend with only 21.7 cm falling during the 
April through September period compared to the ten-year average of 41.3 cm. 
 In 2013, the average temperature for the year was 7.8°C, or 1.1°C below average (Figure 3-2).  
Average temperatures during the growing season were 16.9°C, or 0.9°C below average.  Annual 
precipitation for the year was 0.7 cm above average at 55.02 cm and 2.1 cm below average for the 
growing season with 39.2 cm of precipitation falling from April through September (Figure 3-4). 
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Experiment I  
Litter Decomposition 
When analyzing litter decomposition rates, year interacted with grazing treatment, placement 
month, and pickup date.  As such, data were analyzed and presented by year. 
Leaf material  
The control and mob treatments in 2012 had more remaining mass at the end of the 46-week trial 
than the 4-PR-1. Mob and control treatments averaged 70 ± 2.2% mass remaining while the 4-PR-1 
treatment had significantly less with 64 ± 2.2%. For leaf material placed in 2012, a placement by retrieval 
date (time) interaction was detected (Table 3-1).  In the first week following placement, June and July 
rates of decomposition did not differ.  After week 1, rate of decomposition in the June-placed bags 
increased, separating mass remaining for June and July through the remainder of the trial.  
 Leaf material placed in 2013 showed a placement by time interaction (Table 3-1). June-placed 
bags had higher decomposition rates than July-placed pages in the first week of placement. This 
difference between June and July placements continued the remainder of the trial. After week 1, July-
placed bags lost less mass as a percent of the total than those placed in June.  
Stem material 
Stem material placed in 2012 showed both treatment by placement and placement by time 
interactions.  The treatment by placement interaction showed all treatment types lost less mass in July 
than June (Figure 3-5).  Grazing treatments under the July placement did not differ in mass lost while 
under June placements, the control lost the most mass followed by the 4-PR-1 and mob treatments. In the 
placement by time interaction, decomposition rate did not differ for the first week for both June and July-
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placed bags (Table 3-1).  After week 1, June bags had an increased rate of decomposition and lost more 
mass than bags placed in July.  Rate of decomposition was similar by the 9-week retrieval date. 
There was a treatment by placement by time interaction for stem decomposition in 2013 (Table 3-
1).  For all treatments there was a steep decline in mass remaining in the first week with the June 
placement decreasing more rapidly than July. Treatments differed little in both the June and July 
placements.  After 1 week, rates of decomposition between June and July treatments did not differ. 
Carbon Analysis 
For C content, year interacted with grazing treatment, placement month, and retrieval date; 
therefore, C data were analyzed by year. 
Leaf material 
Carbon content of leaf material in 2012 differed between the two placement dates.  Carbon 
content of June-placed bags (44.41 ± 0.14%) was lower than July-placed bags (45.68 ± 0.14%).     
There was a grazing treatment by placement interaction for leaf carbon content in 2013 (Figure 3-
6). Leaf carbon content was less for the mob compared to the other two treatments for the June-placed 
bags and the control for July-placed bags.  Leaf carbon content for the 4-PR-1 treatment did not differ 
from the control with June placement but C content of 4-PR-1 was less than the control with July 
placement.  
Stem material 
Stem material in 2012 showed a time by placement interaction (Table 3-2). June-placed bags 
initially had lower percentages of C than those bags placed in July.  This C-content difference between 
89	  
	  
	  
placement dates continued through the remainder of the study period. Carbon content of stems placed in 
June and July increased from week 21 to 46%. 
There were both treatment by placement and placement by time interactions for C content of 
stems in 2013. In the treatment by placement interaction, C content of stems for the mob treatment did not 
differ from that of the other two treatments for June-placed bags but it was lower than the other two for 
July-placed bags (Figure 3-7).  The control under the June placement was lower than the 4-PR-1 
treatments but equal under the July placement. The placement by time interaction showed the control’s C 
content was less than 4-PR-1 for June-placed bags. For time by placement, June-placed bags had lower C 
content than July-placed bags from the time of placement and continued through the entire study period 
(Table 3-2).  June-placed bags did show a marked decrease in C content at week 9 not seen in the July 
placement. 
Nitrogen Analysis 
When analyzing N content, year interacted with all other main effects.  As such, data were 
analyzed by year. 
Leaf material 
Leaf bags placed in 2012 showed a placement by time interaction for N content (Table 3-3). 
Leaves in June-placed bags had higher content than leaves placed in July throughout the study period. 
Nitrogen content of leaves generally increased throughout the study period for both placement dates; 
however, N content decreased for leaves in the July-placed bags from week 5 to week 9 while content in 
June placements slightly increased. 
There was a treatment by placement and a placement by time interaction for leaf N content in 
2013.  The treatment by placement interaction displayed equal N concentrations for all treatments in the 
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June placement. In July, the control had a higher N concentration than the 4-PR-1 (Figure 3-8). The 
interaction between placement and time showed June-placed bags contained higher amounts of N as a 
percentage than bags placed in July (Table 3-3).  This was seen at their initial placement and was 
maintained over 9 weeks.  June-placed bags showed a decrease and recovery of N at week 1 not seen in 
the July placement. Both June and July placements increased in N content at week 21 with July-placed 
bags increasing at a greater rate than June. 
Stem material 
Stem material in 2012 displayed a placement by time interaction (Table 3-3).  June-placed 
material was higher in N than stem material placed in July across all placement times. Both June and July 
placements increased in N content from week 0 to 1, with July bags increasing at a greater rate.  Both 
placements maintained N levels until week 9 where N content once again increased, this time at a greater 
rate in the June placement than July. 
There was a placement by time interaction for N content of stem material in 2013 (Table 3-3).  At 
initiation and for all retrieval dates except for week 1, June-placed stems had greater N content than stems 
placed in July. From week 0 to 1, July-placed bags increased in N while June bags slightly decreased 
making them similar in N content.  After this point, however, N content of June bags remained consistent 
until week 5 then increased while July bags decreased then increased. 
Neutral Detergent Fiber Analysis 
Analysis for NDF displayed a significant year effect that interacted with the main effects of 
treatment, placement month, and pickup date.  As such, data was analyzed by year. 
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Leaf material 
Placement date affected NDF content of leaves in 2012. July-placed leaves had higher NDF 
content (73.7 ± 0.7%) than leaf material placed in June (68.1 ± 0.7%) (Table 3-5). In 2013, no differences 
in NDF content of leaves were detected among placement months, retrieval dates, or grazing treatments. 
Stem material 
Stem material in 2012 showed a placement by time interaction (Table 3-5). July-placed stems 
tended to have higher percent fiber than June-placed bags except at week 0 and 9 weeks when percent 
fiber did not differ between placement dates. Through week 5, both placements increased in fiber content 
with July fiber increasing at a greater rate.  At week 9, however, July fiber leveled out while June 
continued to increase, leading to no difference.  After week 9, July fiber increased at a greater rate than 
June, which actually slightly decreased at week 12. This difference increased greatly at 46 weeks post 
placement when July placement had 10% more fiber than June placements. No main effect differences or 
interactions between treatment, placement or time were seen in 2013 stem bags. 
Experiment II  
Litter Decomposition 
For litter decomposition rates, year significantly interacted with the main effects of treatment, 
placement month, and pickup date.  As such, data were analyzed and reported by year. 
Leaf material 
Leaf material in 2012 contained both treatment by placement and placement by time interactions.  
The placement by treatment interaction showed mob treatments lost less mass in July than the control 
while June-placed mob bags lost more mass than the control.  Overall, July-placed bags lost less mass as 
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a percentage than leaf material placed in June of 2012 (Figure 3-9). Leaf decomposition rates for the two 
placement dates did not differ during the study period except for weeks 5 to 9 in the placement by time 
interaction (Table 3-6). Both placements lost mass steadily through week 5, after which the July 
placement maintained mass through week 21 then steeply declined while the June placement continued to 
lose mass through week 9 before leveling off at week 21 and also declining at week 46. 
Leaf bags in 2013 showed a treatment by placement by time interaction (Table 3-6).  The control 
decreased in mass remaining with June-placed bags decreasing more sharply by week one then 
maintaining a steady rate of loss which was shown in the July control through the course of the 
experiment.  Mob grazing acted similarly with a sharp decrease in the June bags and then maintained 
steady reduction while July bags showed a similar rate of loss throughout the experiment.  July 
placements acted similarly across treatments while the June placement showed a steeper decline in the 
mob treatment than control.  However, a reduction in decomposition rate at week 21 resulted in both July 
placements being similar in mass loss. 
Stem material 
Stem material for 2012 also showed a treatment by placement by time interaction (Table 3-6).  
No difference in treatment or placement was seen through 5 weeks.  After week 5, control and mob 
treatments under July placement maintained mass while those in June placement sharply dropped.  
Treatments for both placements maintained mass from week 9 to 21 where they both dropped again at 
week 46.  Mob grazing acted similarly across placement while the July-placed control had a greater rate 
of decomposition than the June-placed control. 
There was a time by placement interaction for decomposition rates of stems in 2013 (Table 3-6). 
Although decomposition rate was rapid for both placement dates in the first week, rate was greater for 
stems in July-placed bags than for June-placed bags. After week 1, there was very little reduction in mass 
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for either placement date throughout the remainder of the study period with July bags losing a bit more 
mass at week 9 than June placements. 
Carbon Analysis 
For C content, year interacted with grazing treatment, placement month, and retrieval date.  As 
such, data was analyzed by year. 
Leaf material 
There was a treatment by placement by time interaction for C content of leaves in 2012 (Table 3-
7). June placements appeared to be initially higher in C than July. The control showed a steady decline in 
C concentration through 46 weeks with the July placement.  In contrast, control bags placed in June 
actually increased in C at week 1, decreased slightly to week 9 and slowly increased until 46 weeks.  
Under mob grazing, C showed a steady decline from July placements as well, with a steeper decline from 
21 to 46 weeks than the control from July.  The June-placed mob bags also increased in C at week 1 and 
decreased at week 9, however they maintained C concentrations from week 9 until week 46. 
 Leaf material in 2013 showed a treatment by placement interaction (Figure 3-10). The July-
placed control had a higher percent carbon than the July mob treatment.  The July control also did not 
differ from the June-placed mob bags.  June mob and control bags did not differ from one another or the 
July mob bags.   
Stem material 
Stems collected and placed in 2012 displayed a placement by time interaction (Table 3-7).  June-
placed bags had more C as a percentage than those bags placed in July.  This difference was very small 
over the 9 and 21 week retrievals in comparison to initiation due to an increase in C concentrations at 
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week 9 in the July placement that was not matched in the June-placed bags. After 46 weeks June-placed 
bags increased in C percent while July placements maintained C concentrations. 
Stem material from 2013 showed a treatment by placement interaction. Neither control nor mob 
treatments differed in June or July.  The July control had a higher C concentration than both mob and 
control bags placed in June (Figure 3-11).   
Nitrogen Analysis 
When analyzing percent N, year effect showed significant interactions with the main effects of 
treatment, placement month, and pickup date, thus data was analyzed by year. 
Leaf material 
The main effect of treatment showed the control having higher N content (2.12 ± 0.02%) as a 
percentage than the mob treatment (2.03 ± 0.02%). Interaction between placement and time showed July-
placed material being higher in percent N than that placed in June (Table 3-8).    Both placements 
maintained a steady N concentration over 9 weeks with a slight increase from week 5 to 9.  At week 21 
June placements continued to slowly increase, followed by a sharp increase at 46 weeks.  July placements 
decreased slightly at week 21 but saw a similar increase to June at week 46. 
Leaf material in 2013 showed a placement by time interaction (Table 3-8), with June-placed leaf 
matter in 2013 having an overall higher percent N than July placements at initiation and throughout the 
experimental period. Both placements showed slow and steady N increases with July placements 
increasing at a slightly faster rate over weeks 9 and 21. 
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Stem material 
Stem in 2012 showed a placement by time interaction (Table 3-8).  June-placed bags were 
initially higher in N concentration than July.  At 1 week, July bags increased in percent N, and then 
maintained concentrations to 9 weeks. June placements maintained initial N concentrations through 5 
weeks and then slightly increased at week 9.  At week 21, June-placed bags decreased in N concentrations 
only to sharply increase at 46 weeks.  July placements on the other hand steadily increased in N over 21 
weeks and had a slightly steeper increase in N at week 46, though not nearly as rapidly as seen in June. At 
46 weeks, June placements were over 0.05% higher than July. 
2013 stem material displayed a treatment by placement by time interaction (Table 3-8).  The 
control showed a similar pattern across placement by slightly increasing in % N at 1 week, decreasing at 
week 5, and increasing again through week 21.  The increase seen at week 1 was greater in the July 
placement than June, however at week 9 June placements maintained a steadier increase in N while July-
placed bags only slightly increased.  Mob grazing acted much differently with June initially having higher 
N concentration than July.  At 1 week however, June concentrations decreased and July increased so that 
mob bags placed in July actually had higher N.  Over week 5, June bags increased in N while July bags 
decreased, making them significantly different once again.  July-placed bags increased at week 9 while 
June bags maintained N so no difference was seen between placement months.  Once again at week 21 
July bags decreased in N while June bags increased separating the mob placements.  
Neutral Detergent Fiber Analysis 
Neutral detergent fiber (NDF) analysis showed significant year interactions with the main effects 
of treatment, placement month, and pickup date.  As such, data was analyzed by year. 
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Leaf material 
For leaf material placed in 2012, a placement by time interaction was discerned (Table 3-10).  No 
differences were seen for % NDF between treatments across retrieval dates except at 9 weeks, where 
July-placed leaf bags were higher in fiber than those placed in June. Bags at week 0 had similar fiber 
levels and both increased through week 1.  June placements continued to increase at week 5 but dropped 
at week 9, creating a significant difference.  At week 21 June placements increased in fiber percent while 
July placements decreased.  Both placement months increased at 46 weeks.  In general, July-placed leaf 
material tended to be higher in fiber percent than June placements, except at week 46 where June 
placements were higher by approximately 2%.  No differences between treatments, placement months, or 
pickup date, were seen for leaf material in 2013. 
Stem material 
A placement by time interaction was seen for stem material in 2012 (Table 3-10) where percent 
fiber was similar at initiation for placement month.  Both placements increased over 5 weeks with July 
showing a large increase at week 5.  At week 9, July fiber concentrations decreased while June’s steadily 
rose, making the levels non-significant.  This maintained until week 21, after which, both placements 
slowly increased in fiber.  The July placement once again increased sharply at week 46 creating a 
significant difference in placements.  This increase was also seen in the June placement, but to a lesser 
extent.  July placements contained significantly higher fiber concentrations at weeks 1, 5, and 46.   
For 2013 stem material, no differences between placement month, pickup date, or treatment were 
seen.  A treatment by placement by time interaction did approach significance (P = 0.0537) where June 
placements were initially at lower levels of fiber than July across treatments.  However, in the control and 
mob treatments for June, a sharp increase in fiber was seen in week 1 while only a moderate increase was 
seen for these treatments in the July placement.   
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Discussion 
Experiment I  
Litter Decomposition 
Treatment was not a factor in decomposition rate for litter bags, except in 2012 leaf placement as 
a main effect and 2012 stem placement where a treatment by placement interaction was seen.  Even then, 
no clear treatment trend could be discerned from our data.  These results do not support our hypothesis 
that decomposition rate would increase under mob grazing compared to our other treatments. The effect 
of mob grazing with ultrahigh stocking densities on litter decomposition rate has not been documented 
prior to this study. Proponents commonly state that the high trampling intensity of mob grazing will result 
in greater amounts of plant material incorporated into the soil resulting in increased carbon sequestration, 
net primary production, and litter decomposition/nutrient cycling. Our results showing no difference in 
decomposition rates between mob grazing and a simple rotational system (4-PR-1) extends the range of 
stocking densities and intensities of management reported in the literature (Briske et al. 2008).  Our 
results suggest that decomposition rate does not differ over a range of grazing strategies when using 
comparable stocking rates. The lack of difference between grazing treatments and our control seem 
contrary to other reported studies showing improved litter decomposition under grazing with moderate 
stocking rates which have reported increase litter decomposition rates on grasslands moderate stocking 
rates (Semmartin and Garibaldi 2008; Shariff et al. 1994).   
In all except the 2013 stem, leaf and stem tissue placed in June lost more mass than July.  In 
general, material placed in June was higher in N and lower in C than that placed in July because the 
quackgrass collected in June was more vegetative with younger tissue than collected in July.  With more 
readily available N for the soil microbes, litter placed in June would lose mass faster than July 
placements. Over the experimental period, precipitation in June was greater than that seen in July (Figure 
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3-4).  This was especially true in 2013.  This combined with lower temperatures in June (Figure 3-2) and 
a better C:N ratio (Table 3-4 and Table 3-9) made June a more suitable month for microbial activity and 
rapid decomposition. While this accounts for June/July difference seen in 2013, it is not clear why stems 
in 2012 did not respond in a similar manner.  
In general, plant litter biomass tended to decrease with increased length of placement, indicating 
greater oxidation to CO2 and losses of fine particulate material through the mesh bags and into the soil. 
The difference in decomposition rate of plant tissue between June and July generally was limited to the 
first 5 weeks post placement.  The more rapid rate of decomposition in the first 5 weeks for June-placed 
plant tissue likely is a result of a combination of nutrient content of the materials placed in the bags and 
weather conditions.  This decrease in decomposition rate can be attributed to the increasingly recalcitrant 
nature of the plant materials remaining for microbes and has been seen in other research (Taylor et al. 
1989).  Cell solubles would be the first materials used by soil microbes in decomposition and they are 
readily accessed and metabolized.  Once used, however, decomposition shifts to the breakdown of 
structural carbohydrates, which require more energy from the microbes doing the decomposing and thus 
are slower to break down (Lundquist et al. 1999; McMahon et al. 2005; Paterson et al. 2008).   
Litter Bag Technique 
 Using litter bags to determine relative litter decomposition comes with some considerations.  
Litter bags by their very nature, may prevent macrooganisms from entering the litter.  Our bags with 1mm 
sized mesh, may have prevented any larger organisms from interacting with the litter. These larger 
organisms may have mixed the litter and soil, increasing the surface area available for decomposition and 
changing the environment in which decomposition occurred.   
Secondly, our measurement of loss of weight from the bags did not take into account possible 
contamination of mineral soil or the fact that biomass in the bag shifts from all plant to increasingly 
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higher levels of microbial biomass.  Without correction for ash or accounting for the shift in biomass 
composition, the measurements taken must be observed in this context. The accumulation of microbial 
biomass over time may have created a slower decomposition rate.  As more and more microbes 
decomposed the plant material, the percentage of their weight when compared to that of actual plant 
matter may have made up an increasing percentage of the recorded weight. This means that our rate of 
litter decomposition is not actually measuring solely the rate of lost plant matter, but also the 
accumulation of soil microbes and possible soil contamination, and therefore is relative. 
Carbon Analysis 
 No discernable trend in litter C concentration could be seen by treatment or time. While no 
difference between treatments of similar stocking rate is noted in reviews (Heitschmidt et al. 1987), no 
difference between grazing and the control is contrary to differences seen in other published works 
(Olofsson and Oksanen 2002).  Overall, placement month seemed to have the largest impact on C content 
as bags placed in July, both stem and leaf, tended to have higher amounts of C than those in June due to 
the maturity of the initial material.  This is reasonable, as structural components of the plant tend to 
increase with maturity.  July-placed litter would have increased amounts of cellulose, lignin, and 
hemicellulose resulting in increased C content (Jung et al. 1995). 
Nitrogen Analysis 
Again, neither grazing treatment nor time affected litter N. This lack of a difference between the 
control and grazing treatment seems to be variable in the literature with both support (Semmartin and 
Garibaldi 2008) and dissent (Olofsson and Oksanen 2002). However, no difference between grazing 
treatments of similar stocking rate is been supported in the literature (Heitschmidt et al. 1987). 
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Nitrogen analysis for stem and leaf material from Experiment I showed distinct differences 
between placement dates.  Both stem and leaf material tended to have higher N content in June 
placements than July for both years.  These initial differences may be attributed to the functions 
performed by the stem and leaf in a plant.  Leaves are responsible for photosynthesis and the production 
of soluble carbohydrates.  As such, leaves require enzymes such as rubisco to accomplish this task.  These 
enzymes are proteins and are high in N.  A young leaf is actively photosynthesizing and growing and as a 
whole has high N content (Mattson Jr. 1980).  As the leaf ages, photosynthetic rate declines and structural 
carbohydrates in the leaf increase to maintain its structure, resulting in lower N content in July than in 
June (Knapp 1985).  Stems perform the function of transporting water and nutrients and maintaining the 
structure of the plant overall.  Again as the plant ages, more structural carbohydrates are required, 
structural areas such as stem increase in proportion, and N concentration decreases.   
Even though soil microbes used plant N as they decomposed plant tissue, N content of the leaf 
and stem material remained relatively constant or increased over the study period. As microbes 
decompose plant matter, they use the nutrients obtained from their substrate to multiply and continue 
decomposition.  These microbes would still be present in the litter material upon collection, continuing to 
break down the available plant matter.  As such, the N in the litter bags may have actually shifted from 
plant N to microbial N over the study period causing the increase (Shariff et al. 1994).  In some cases, 
decomposers such as fungi may actually import N from the surrounding soil to assist with decomposition 
of more recalcitrant C sources such as cellulose and lignin.  These shifts can be seen in the C:N ratios 
from our data (Table 3-4 and Table 3-9) and show an increased presence of microbes within the litter.  
Neutral Detergent Fiber Analysis 
The NDF content of litter in decomposition bags did not differ among treatments.  This differs 
from a study conducted in Norway on an artic/alpine plant community that found differences in litter 
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NDF between ungrazed and grazed treatments (Olofsson and Oksanen 2002). However, the similarity we 
reported between grazing strategies is confirmed in other studies. (Heitschmidt et al. 1987).  
Neutral detergent fiber content was expected to increase through the study period because the 
structural carbohydrates and lignin would be the most resistant to decomposition. This has been reported 
in other studies (Taylor et al. 1989; Meentemeyer 1978). However, absence of differences in NDF content 
of plant tissue placed in June vs. July in 2012 cannot be readily explained. The quackgrass collected in 
July was advanced in stage of development when compared with that collected in June; this should have 
resulted in higher NDF content (Jung et al. 1995).  
Experiment II  
Litter Decomposition 
Decomposition rate in Experiment II seemed to mirror that seen in Experiment I.  Again no 
difference between treatments was seen except for 2012 leaf material where a treatment by placement 
interaction was seen.  This supports literature in which different grazing systems under similar stocking 
rates had comparable decomposition rates (Heitschmidt et al. 1987), but in opposition to those who claim 
a difference between grazing and control treatments (Olofsson and Oksanen 2002).  June-placed bags lost 
more mass than those placed in July, except in 2012 placed stems, mirroring Experiment I’s results. 
Carbon Analysis 
Carbon analysis for Experiment II displayed no treatment differences as discussed previously, 
however, placement differences did arise.  These results were different from Experiment I in the fact that 
in 2012 leaf and stem placements from June contained a higher C concentration than July.  This was seen 
in some treatments for 2013 as well but was not consistent.  The reason for experiment differences is not 
apparent. 
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Nitrogen Analysis 
In 2012, N content of leaf matter was greater in the control than the mob treatment.  The reasons 
for this are unclear. Because no other major differences between Experiment I and II were noted, it is 
unlikely this difference was a result of the immediate mob grazing effect on our experiment as opposed to 
the long-term effects studied in Experiment I. It may stem from the drought conditions in 2012 and the 
control plots being in areas of the pasture with more available moisture; thereby affecting decomposition 
(Powers et al. 2009).  Placement effects for Experiment II followed the trend seen in Experiment I with 
higher N content in June than July.  Once again a shift in C:N ratios from high to low is seen in 
Experiment II (Table 3-4 and Table 3-9). The influx of microbial biomass into the litter is the most likely 
cause for this change. 
Neutral Detergent Fiber Analysis 
Experiment II data for fiber analysis showed even less variation among treatments than 
Experiment I.  No treatment effect on percent fiber was seen supporting the discussion above under 
Experiment 1. While time by placement interactions were seen in all but the 2013 leaf data, no 
discernable trend was found. In all, NDF may have been the factor least affected by treatment, placement 
date, and retrieval date of any factor in this study. 
Conclusions and Implications 
 Our study showed no clear effects of grazing strategy on litter decomposition rates under mob 
grazing, both from intense grazing activities (Experiment II) as well as the effect of multiple years of a 
grazing system (Experiment I).  There was no difference in apparent decomposition exists between our 
treatments in terms of apparent decomposition rate, C content, N content, and NDF. This is contrary to 
practitioners of mob grazing who claim intense hoof action and increased trampling increase soil 
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microbial activity and nutrient cycling, thus increasing decomposition rates of plant litter and improved 
“soil microbial health” from the system.  While mob grazing may affect other portions of nutrient cycling, 
our study shows that the decomposition of plant material is not one of them.  We conclude that grazing 
method should not result in any change to litter decomposition on subirrigated meadows.   
 We documented a distinct difference in decomposition between June- and July-placed litter.  
Drought conditions during the study hindered decomposition rates by providing unfavorable conditions 
for microbial decomposer communities. These results illustrate the importance of timing on litter 
decomposition.  Managers can expect a more rapid and complete decomposition of trampled plant 
material laid down early rather than later in the growing season to better match optimal weather 
conditions. 
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Figures and Tables 
 
 
 
Figure 3-1. An example of trampling following a mob grazing event on an eastern Sandhills subirrigated 
meadow. 
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Figure 3-2. Average monthly temperature in ˚C at UNL Barta Brothers Ranch for 2012, 2013, and the  
10- year average. 
	  
	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-3. Cumulative growing degree-days based off of 10 ˚C at UNL Barta Brothers Ranch for 2012,  
2013, and the 10- year average. 
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Figure 3-4. Average monthly precipitation in cm at UNL Barta Brothers Ranch for 2012, 2013, and the  
10-year average 
	  
 
 
Figure 3-5. Percent mass remaining from 2012 Experiment I stem bags over control, 4-PR-1, and mob 
treatments averaged for June and July placements. 
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Figure 3-6. Percent carbon for 2013 Experiment I leaf material over month of placement separated by 
control, 4-PR-1, and mob treatments.  Columns with unlike letters differ (P < 0.05). Bars represent standard 
error.  
 
	  
 
Figure 3-7. Percent carbon for 2013 Experiment I stem material over month of placement separated by 
control, 4-PR-1, and mob treatments.  Columns with unlike letters differ (P < 0.05). Bars represent standard 
error. 
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Figure 3-8. Percent nitrogen for 2013 Experiment I leaf material over month of placement separated by 
control, 4-PR-1, and mob treatments.  Columns with unlike letters differ (P < 0.05). Bars represent standard 
error. 
	  
	  
	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-9. Percent mass remaining from 2012 Experiment II leaf bags in control or mob treatments.  
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Figure 3-10. Percent carbon for 2013 Experiment II leaf material over month of placement separated by 
control or mob treatments.  Columns with unlike letters differ (P < 0.05). Bars represent standard error. 
	  
	  
	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-11. Percent carbon for 2013 Experiment II stem material over month of placement separated by 
control or mob treatments.  Columns with unlike letters differ (P < 0.05). Bars represent standard error. 
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Table 3-1. Rate of relative decomposition (k-value) for Experiment I stem and leaf fractions within year by month of placement and  
retrieval time. Treatment differences in decomposition of the 2013 stem fraction are shown for both June and July because  
of a three-way interaction among month of placement, treatment, and retrieval time. 
    
Retrieval  
Material Year Placement Treatment 1 week 5 weeks 9 weeks 21 weeks 46 weeks SEM 
Stem 2012 June    0.093b 0.289cB 0.480d 0.635eB -0.99aA 0.020 
  
July   0.097b 0.218cA 0.260cd 0.293dA -0.552aB 0.020 
 2013 
June 
Control 0.857bB  -0.040aA -0.001a -0.002a NA 0.028 
    4-PR-1 0.768bB -0.045aA 0.008a -0.008a NA 0.030 
    Mob 0.680bA 0.051aB  -0.026a  -0.012a  NA 0.042 
    July Control 0.409
bB -0.028a  -0.004a  0.007a  NA 0.028 
    4-PR-1 0.366bB  0.006a  -0.045a  0.009a  NA 0.028 
   Mob 0.275bA 0.009a 0.008a 0.008a NA 0.028 
Leaf 2012 June   0.108b 0.342c 0.530cB 0.671cB -0.99a 0.312 
  
July   0.127b 0.278b 0.354bA 0.381bA -0.800a 0.312 
  2013 June    0.311
aA 0.054b 0.072b 0.009c NA 0.012 
    July    0.140aB 0.049b 0.041bc 0.015c NA 0.012 
abcde Within placements or treatments, retrieval times (rows) with unlike letters differ (P < 0.05). 
AB Within retrieval times, placements or treatments (columns) with unlike letters differ (P < 0.05). 
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Table 3-2. Percent carbon for 2012 Experiment I of the stem fraction by month of placement and retrieval time. Treatment differences  
in decomposition of the leaf fraction are shown for both June and July because of a three-way interaction among month of placement, 
treatment, and retrieval time. 
   
Retrieval  
Material Placement Treatment 0 week 1 week 5 weeks 9 weeks 21 weeks 46 weeks SEM 
   --------------------------------------------------%--------------------------------  
Stem June  43.9aA 44.1aA 44.3a 44.9bA 44.9b 46.2cB 0.14 
 July  44.8
bB 44.6bB 44.2a 45.0cB 44.9b 45.0cA 0.14 
Leaf  Control 46.7
b 44.9bAB 44.3b 43.9b 43.5ab 43.2a 0.37 
 June 4-PR-1 46.7
b 44.5abA 45.0b 44.6ab 43.4a 44.1ab 0.41 
  Mob 46.7a 46.6aB 45.5a 45.0a 44.1a 44.2a 0.59 
 
July 
Control NA 46.1c 45.9c 45.6c 45.0b 45.1aA 0.21 
 4-PR-1 NA 46.0
a 45.6a 45.4a 45.4a 46.0aB 0.22 
 Mob NA 46.1bc 45.8abc 45.4ab 45.3a 46.2cB 0.30 
abc Within placements or treatments, retrieval times (rows) with unlike letters differ (P < 0.05). 
AB Within retrieval times, placements or treatments (columns) with unlike letters differ (P < 0.05). 
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Table 3-3. Percent nitrogen for Experiment I of the stem fraction within year by month of placement and leaf fraction within year by  
month of placement. Treatment differences in decomposition of the 2013 stem fraction are shown for both June and July because of a  
three-way interaction among month of placement, treatment, and retrieval time. 
	   	   	   	  
Retrieval 	  
Material Year Placement Treatment 0 week 1 week 5 weeks 9 weeks 21 weeks 46 weeks SEM 
    -------------------------------------%-----------------------------------------  
Stem 2012 June    1.0aB 1.0aB 1.0aB 1.2aB 1.1a 1.0aA 0.054 
  
July  0.4aA 0.7bA 0.7bA 0.7bA 0.8b 1.5cB 0.054 
 
  
2013 
   June 
Control 1.8a  1.8a  1.7a  1.9b 2.4c NA 0.098 
4-PR-1 1.8a  1.6a  1.7a  2.2b  2.3b NA 0.098 
   Mob 1.8a 1.6a 1.6a 2.1b 2.3c NA 0.098 
  
  
  
  July 
Control 1.3a  1.5ab 1.3a  1.4a  2.0bB  NA 0.183 
4-PR-1 1.3a  1.4a  1.1a  1.4a  1.6aAB  NA 0.200 
  Mob 1.3a 1.2a 1.0a 1.0a 1.2aA NA 0.278 
Leaf 2012 June    1.6a 1.6aA NA 1.7aA 1.6aA 2.2bA 0.056 
  
 
July  NA 2.1aB 2.1a 2.2abB 2.3bB 3.0cB 0.056 
   2013 June    3.2aB 3.3aB 3.5abB 3.7bB 4.1cB NA 0.077 
  
 
July  2.6aA 2.7abA 2.8bA 2.9bcA 3.1cA NA 0.077 
abc Within placements or treatments, retrieval times (rows) with unlike letters differ (P < 0.05).	    
AB Within retrieval times, placements or treatments (columns) with unlike letters differ (P < 0.05).  
	  
	  
	  
	  
	  
	  
115	  
	  
	  
	  
	  
Table 3-4. Carbon:nitrogen ratios for Experiment I stem and leaf fractions within year by month of placement, treatment,  
and retrieval times. 
    
Retrieval 
Material Year Placement Treatment 0 week 1 week 5 weeks 9 weeks 21 weeks 46 weeks 
    -----------------------------------C:N-------------------------------------- 
Stem 2012 June   Control 42.5 36.7 37.9 35.5 30.0 24.3 
      4-PR 42.5 41.5 40.0 37.6 31.1 26.7 
      Mob 42.5 38.1 32.9 38.7 29.0 23.6 
    July   Control 118.3 66.4 60.7 73.8 50.9 51.5 
      4-PR 118.3 63.7 63.4 66.6 58.9 46.2 
      Mob 118.3 67.2 68.3 76.0 70.8 50.4 
  2013 June   Control 24.3 25.2 26.0 23.3 18.3 NA 
      4-PR 24.3 28.0 25.8 20.6 19.8 NA 
      Mob 24.3 27.3 27.1 21.1 19.4 NA 
    July   Control 33.9 30.7 37.2 35.5 24.7 NA 
      4-PR 33.9 28.8 38.3 30.3 28.3 NA 
      Mob 33.9 29.2 38.6 34.6 34.2 NA 
Leaf 2012 June   Control NA 20.6 18.2 17.2 17.1 13.4 
      4-PR NA 19.7 20.2 19.6 18.7 12.9 
      Mob NA 20.1 20.0 19.1 17.5 14.4 
    July   Control 29.0 24.6 22.9 24.2 22.6 17.6 
      4-PR 29.0 23.8 24.4 25.7 22.8 17.7 
      Mob 29.0 24.3 24.9 26.7 23.4 17.6 
  2013 June   Control 14.2 15.0 13.4 13.4 12.6 NA 
      4-PR 14.2 14.5 13.3 12.7 12.4 NA 
      Mob 14.2 14.4 14.2 14.7 13.3 NA 
    July   Control 17.9 17.1 16.1 16.0 14.8 NA 
      4-PR 17.9 18.3 17.4 17.6 14.4 NA 
      Mob 17.9 16.4 18.2 17.1 14.9 NA 
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Table 3-5. Percent NDF for Experiment I 2012 stem and leaf fractions by month of placement and retrieval time. 
  
Retrieval 
Material Placement 0 week 1 week 5 weeks 9 weeks 21 weeks 46 weeks SEM 
  ---------------------------------------------------%-----------------------------------  
Stem June   65.5a 68.1b 72.4bA 76.6c 77.7c 84.1dA 1.36 
 Jul 66.5a 72.3b 88.0dB 74.9bc 77.1c 88.0dB 1.36 
Leaf June   65.5a 66.7ab 70.3b 66.8bA 69.7b 79.4c 1.60 
 
July 66.5a 75.8b NA 78.9bB 73.9b 79.8b 1.60 
abcd Within placements, retrieval times (rows) with unlike letters differ (P < 0.05).	  
AB Within retrieval times, placements (columns) with unlike letters differ (P < 0.05). 
 
	  
	  
Table 3-6. Rate of relative decomposition (k-value) for experiment II of stem and leaf fractions within year and by month of placement  
and retrieval time. Treatment differences in decomposition of the 2012 stem fraction and 2013 leaf fraction are shown for  
both June and July because of a three-way interaction among month of placement, treatment, and retrieval time.   
    Retrieval  
Material Year Placement Treatment 1 week 5 weeks 9 weeks 21 weeks 46 weeks SEM 
Stem 2012 June Control 0.150
b 0.342cB 0.604dB 0.633dB -0.721a 0.039 
    Mob 0.025b 0.157cA 0.400dA 0.433dA -0.879a 0.060 
    July Control 0.102
b 0.218c 0.257c 0.313d -0.771aA 0.014 
    Mob 0.152b 0.235c 0.293d 0.317d -0.491aB 0.022 
  2013 June   0.624bB 0.009a -0.011a 0.003a NA 0.036 
  
July  0.357bA 0.010a -0.018a 0.004a NA 0.036 
Leaf 2012 June    0.056b 0.317c 0.642c 0.598dB -0.951a 0.031 
  
July  0.122b 0.307c 0.339cd 0.400dA -0.80a 0.031 
 2013 June Control 0.306
bA 0.052a 0.068a 0.017a NA 0.019 
    Mob 0.403bB 0.053a 0.070a 0.003a NA 0.030 
    July Control 0.162
b 0.054a 0.056a 0.016a NA 0.018 
    Mob 0.137b 0.044a 0.045a 0.010a NA 0.020 
abcd Within placements or treatments, retrieval times (rows) with unlike letters differ (P < 0.05).  
AB Within retrieval times, placements or treatments (columns) with unlike letters differ (P < 0.05).  
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Table 3-7. Percent carbon for Experiment II stem fraction within year by month of placement, and retrieval time.  
  
Retrieval 
Year Placement 0 week 1 week 5 weeks 9 weeks 21 weeks 46 weeks SEM 
  -------------------------------------------------------%-------------------------------------------------------- 
2012 June 43.9
abcA 43.6aA 43.7abA 43.8abcA 44.1cA 44.1bcA 0.14 
July 44.8aB 44.8aB 44.9abB 45.2abB 45.2bB 46.1cB 0.14 
2013 June 43.8
aA 44.6bA 44.8cA 44.8cA 45.3dA NA 0.13 
July 45.2aB 45.7bB 46.3cB 46.6cdB 46.7dB NA 0.13 
abcd Within placements, retrieval times (rows) with unlike letters differ (P < 0.05). 
AB Within retrieval times, placements (columns) with unlike letters differ (P < 0.05). 
 
	  
	  
	  
Table 3-8. Percent nitrogen for Experiment II leaf fraction within year by month of placement, and retrieval time.  
  Retrieval 
Year Placement 0 week 1 week 5 weeks 9 weeks 21 weeks 46 weeks SEM 
  -----------------------------------------------------%---------------------------------------------------- 
2012 
 
June NA 2.2a 2.3ab 2.4bcB 2.5bB 3.2dB 0.06 
July 1.6a 1.9bc 1.9bc 1.8cA 2.0bA 2.6dA 0.14 
2013 
June 3.2a 3.0a 3.6bc 3.8c 3.4ab NA 0.08 
July 2.6b 2.5b 2.7b 2.7b 3.2a NA 0.08 
abcd Within placements, retrieval times (rows) with unlike letters differ (P < 0.05). 
AB Within retrieval times, placements (columns) with unlike letters differ (P < 0.05). 
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Table 3-9. Carbon:nitrogen ratios for Experiment II stem and leaf fractions within year by month of placement, treatment, and retrieval times.   
    
Retrieval 
Material Year Placement Treatment 0 week 1 week 5 weeks 9 weeks 21 weeks 46 weeks 
    -------------------------------------C:N--------------------------------------- 
Stem 2012 June   Control 42.5 66.0 NA 68.5 52.9 51.5 
      Mob 42.5 74.2 NA 68.4 68.0 43.5 
    July Control 118.3 42.0 42.1 40.2 36.1 26.7 
      Mob 118.3 42.0 43.6 37.4 45.8 32.4 
  2013 June   Control 24.3 24.5 27.0 22.3 18.4 NA 
      Mob 24.3 28.7 25.5 25.1 21.4 NA 
    July Control 33.9 28.9 35.5 33.9 25.3 NA 
      Mob 33.9 27.5 36.3 28.3 32.5 NA 
Leaf 2012 June   Control 29.0 27.7 NA 27.9 28.7 20.2 
      Mob 29.0 32.2 NA 25.6 28.1 21.5 
    July Control NA 21.8 20.6 19.4 18.4 14.7 
      Mob NA 21.6 22.1 21.1 20.0 14.8 
  2013 June   Control 14.2 14.0 13.8 12.3 11.8 NA 
      Mob 14.2 13.8 13.1 12.4 11.0 NA 
    July Control 17.9 17.1 17.2 16.2 15.0 NA 
      Mob 17.9 17.6 16.6 16.3 15.1 NA 
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Table 3-10. Percent NDF for Experiment II 2012 stem fraction by month of placement and retrieval time.  
 
Retrieval  
Placement 0 week 1 week 5 weeks 9 weeks 21 weeks 46 weeks SEM 
 -------------------------------------------------------%------------------------------------------------ 
June   65.5a 69.3b 72.3c 74.2c 73.6cA 76.3cA 1.36 
July   66.5a 72.8a 76.2a 74.7a 78.2bB 86.3cB 1.36 
abcde Within placements, retrieval times (rows) with unlike letters differ (P < 0.05) 
AB Within retrieval times, placements (columns) with unlike letters differ (P < 0.05) 
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Overall Conclusions and Implications 
 Annual root production seemed to be linked to treatment as the control produced greater amounts 
of belowground biomass than grazed treatments.  While the actual cause of this increased production is 
not clear  (treatment, soil conditions, moisture, plant community), the difference belowground did not 
result in similar results in aboveground production.  This contradicts our hypothesis and claims from mob 
grazers that such grazing techniques would result in “healthier” and more vigorous plants due to 
improvements in soil nutrients.  If anything, our study shows no differences in grazing and an improved 
belowground production under non-grazed conditions.  
No overall effect of treatment was seen in the decomposition study.  This is true for both 
immediate effects of grazing (Experiment II) and compiled effects (Experiment I).  These findings are in 
direct contradiction to the claims made by mob grazing proponents and disprove the original hypotheses 
set forth for this study. It may be that prolonged effects of grazing treatment complied with various other 
factors such as shifting plant species composition may eventually result in an observable difference 
between grazing systems.  However, this once again goes against mob grazing practitioners’ claims, 
which suggest rapid and visible change. 
 The implications of this these findings back up the increasing body of literature which has been 
progressing through the range management community, that management, not the system itself is the 
driving factor in rangeland responses to grazing techniques.  While environmental impacts such as 
drought were shown to exert an influence on our overall results, the overall management of the study was 
maintained steadily across treatments in the form of a continuous stocking rate.  It therefore goes to 
reason that with proper management, the practitioner may use many grazing systems successfully.  The 
most important detail for their selection then becomes which system best fits the management style being 
utilized and allows for optimal supervision of the grassland resource.   
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 In terms of what inputs and processes control annual root growth and litter decomposition in 
Sandhills wet meadows, this study may raise more questions than it answers.  Our results point to a 
complex system with many factors interacting together at various rates and levels to control these aspects 
of the meadow ecosystem.  While the specific what and how were not answered from our results, they 
may be used to direct future research down the road toward a better understanding of these processes.  
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Appendix A: Timing of Moisture Vegetation Effects during Eastern Sandhills Drought	  
Introduction 
 Drought, prolonged dry weather when precipitation is generally less than 75% of the 
average amount (Society for Range Management 1989), is a periodic event on the Great Plains, 
with variable frequencies, lengths of time, and beginning and ending dates.  While drought has a 
lengthy history of presence in the region (Miao et al. 2007) it is often difficult to monitor and 
predict (Ji and Peters 2003). Differences in drought occurrence, length, and intensity (Stockton 
and Meko 1983) makes planning for and dealing with them a difficult task for landowners.  
Drought has generally been studied for its long-term results. While these effects are important, 
short term implications may actually follow yearly variations in moisture. Studies during the 
drought of the 1930’s indicate that from a soil moisture perspective, differences occur on a year 
to year basis (Albertson and Weaver 1944).  Effects such as decreased grass production, increased 
forb frequency, and increased erosion (Clark et al. 2002; Albertson and Weaver 1944) are 
commonly cited as a result of these dry conditions.  Effects can be further influenced by grazing 
during the drought period (Heitschmidt et al. 2005).  To further complicate things, studies have 
even shown C3 and C4 grasses reacting differently to drought periods in both immediate effects 
and recovery (Clark et al. 2002; Heitschmidt et al. 2005).  Overall, prairie ecosystems are 
extremely resilient and able to recover from drought periods after only one or two years 
(Albertson and Weaver 1944; Heitschmidt et al. 2005). 
Precipitation in March and April 2012 were comparable to the long-term average for the 
two months in north central Nebraska (Figure A-1); however, May and June were far below the 
long-term average with monthly precipitation totals only 12 to 80% of average.  Simultaneously, 
temperatures were well above average, further exasperating the drought pressure already felt 
(Figure A-2).  In early July, producers began to ask if drought stressed plants would recover and 
begin to grow again if there were a return to average or above average rainfall in late July or 
August.  An experiment was designed at the University of Nebraska Barta Brothers Ranch in July 
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2012 to determine the effect of drought ending moisture in July and August on plant production 
in 2012 and 2013.  We hypothesized that supplying moisture to the drought stressed plants in July 
or August of 2012 would increase plant production in 2012 and 2013.  We further expected that 
current year (2012) growth of warm-season grasses would be the functional group to most likely 
respond to the supplemental water. 
Study Site 
	   The study was conducted on the UNL Barta Brother’s Ranch.  More information 
concerning the ranch is in Chapters 2 and 3 of this thesis.  Three upland sites were selected for the 
study, all located on south facing slopes.  Sites were classified as sands ecological sites with a 
sand bluestem plant community. These communities were dominated by warm-season grasses, 
characteristic of vegetation found in the area (Weaver, 1956) and consisted of species such as 
sand bluestem (Andropogon hallii Hack.), prairie sandreed (Calamovilfa longifolia Hook.), little 
bluestem (Schizachyrium scoparium (Michx.) Nash), needleandthread (Hesperostipa comata 
Trin. & Rupr.), western wheatgrass (Pascopyrum smithii Rydb.), blue grama (Bouteloua gracilis 
Willd. ex Kunth), switchgrass (Panicum virgatum L.), sand lovegrass (Eragrostis trichodes 
Nutt.), sand dropseed (Sporobolus cryptandrus Torr.), prairie junegrass (Koeleria macrantha 
Ledeb.), western (cuman) ragweed (Ambrosia psilostachya DC.), annual sunflower (Helianthus 
annuus L.), stiff sunflower (Helianthus pauciflorus Nutt.), cudweed sagewort (Artemisia 
ludoviciana Nutt.), upright prairie coneflower (Ratibida columnifera Nutt.), leadplant (Amorpha 
canescens Pursh), and various sedges.   A total of three 5x5 m plots were marked out at each site.   
Treatments 
 One of three supplemental watering treatments were randomly allocated to each of the 
plots at each site: (1) application of water on the first week in July, (2) application of water on the 
first week in August, and (3) no supplemental addition of water to ambient rainfall (control).  The 
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arrangement of the plots was such that plots were either next to one another or water plots below 
the control plot so the possibility of water flowing by gravity from one plot to the next was 
limited (Figure A-3). Each watered plot received 15.25 cm of water initially.  Once the first 
watering occurred, the top 7.5 cm of the soil was monitored and water applied whenever this 
layer began to dry out.  This method of watering was decided upon to ensure moisture was not a 
limiting factor in plant growth. The study sought to discover what influence the timing of 
moisture would have on the plant growth, not the amount of precipitation applied.  Water was 
applied using a circular patterned rotary sprinkler that covered the entire plot area.  Plots were 
watered during the 2012 growing season from the initial treatment date until the beginning of 
September. In September of 2012, 5 quadrats (0.25 m2) were placed at random in each plot and 
all live standing vegetation was clipped at ground level for an estimate of initial vegetation 
biomass for the area.  Clipped plant material by quadrat was sorted by plant functional group: 
warm-season grass, cool-season grass, sedge, or forb. After clipping all harvested biomass was 
placed in a forced air drying oven for 48 hours at 60°C then weighed.  .   
 Over the dormant season, the locations of the plots were marked and they were lightly 
grazed.  The following year, no treatments were applied to the plots, but their locations were 
maintained until August 2013 when plant biomass was again estimated using the same destructive 
method as used in 2012. 
Data Analysis 
 Three treatments with three replications each containing 5 sub-samples were analyzed for 
statistical differences.  A mixed-model analysis of variance (ANOVA) utilizing SAS PROC 
MIXED with mean separations to determine effects between year and treatments was used ( SAS 
Institute Inc. 2010).  Mean effects for functional group characterization were annual biomass 
production by weight. Effects were considered significant at a P ≤ 0.10. 
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Results 
 A year by treatment interaction was present for total biomass.  Treatments were then 
evaluated by year.  In 2012, total biomass produced under the July water treatment was higher 
than that under the August treatment or control by approximately 16% (Figure A-4).  No 
differences between treatments were seen in 2013.   
 For plant functional groups, there were no differences among treatments for cool-season 
grasses, warm-season grasses, or grass-like plants. Averaged over all treatments and years, 
aboveground biomass of cool-season grasses, warm-season grasses, and sedges was 623 kg ha-1, 
725 kg ha-1, and 59 kg ha-1.  Sedges did approach a significant year interaction (P = 0.19), which 
showed a 20 kg ha-1 drop in production from 2012 to 2013.  Looking at this compared to the long 
term average, an almost 50 kg ha-1 decrease in sedge biomass occurred over the study period 
(Figure A-5). Forb biomass showed a year by treatment interaction, so treatments were compared 
within year.  Forb biomass in 2012 showed that the July-initiated watering treatment was 
approximately twofold greater than the control and the August-initiated watering treatments, 
which did not differ did not differ (Figure A-6).  In 2013, the August water treatment had a higher 
amount of biomass, again not differing from the control but 17% greater than the July treatment 
(Figure A-7).  The control and July treatments in 2013 did not differ. 
Discussion 
 Results from 2012, did back up our hypothesis that providing moisture to the plots during 
the drought in 2012, particularly the July plots, would improve biomass production.  The results 
following from 2013 however did not substantiate this claim. Over both years, no difference in 
biomass produced could be seen in warm- and cool-season grasses and sedges.  With these 
results, we can conclude that early spring and summer precipitation is critical for biomass 
produced during the year for these functional groups.  Mid to late summer precipitation under 
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already established drought conditions seems to have minimal impact on grass and sedge 
production for that season. The varying impact of timing of drought on different species has been 
seen in prior studies (Heitschmidt et al. 1999; Heitschmidt et al. 2005) This may be due to the fact 
that plants had already gone dormant to deal with low precipitation and warmer than average 
temperatures. While not significant, sedges seem to be hit particularly hard on the lack of well-
timed moisture, showing decreased production the following year as well. 
The difference seen in forbs when water was initiated in July seems to have possibly 
driven the difference in total biomass seen for the 2012 season.  This response can be explained 
by forbs such as annual sunflower and ragweed, which were observed to be abundant in the plots.  
These warm-season forbs were able to utilize this mid-summer moisture provided for a late 
season growth. This response has been noted by other researchers in Montana (Heitschmidt et al. 
1999). Their response in 2013 differed greatly with the lower producing August treatment in 2012 
having the highest biomass production and the previously high July treatment now being lowest.  
What exactly caused this difference is uncertain, but across all functional groups, the July 
treatment in 2013 is the lowest in biomass production while August is highest.  It may be that 
July watering, despite the additional moisture added to the plant’s overall stress, affecting 
perennial species negatively the following year.  The additional moisture may have stimulated 
plants to break dormancy, but with unusually warm temperatures during July and August, this 
attempt may have just caused the plant further stress.  What the actual causes of the shift in 
biomass seen in the 2013 forbs are requires further research.   
 While the lack of a response to watering during the 2013 growing season did not match 
our hypothesis, some of the response may be explained by the soils present in the area.  The 
sandy upland soils of the Nebraska Sandhills do not retain moisture particularly well. With this in 
mind, any moisture applied the previous season would have been lost from the rooting zone 
through the winter and spring before being utilized by the plants for growth the following year.  
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Additionally, plants from 2012 had already been stressed due to high temperatures and low 
moisture for much of their growing season, overall plant vigor may have been lacking in the 2013 
growing season.  Plants already dormant in 2012 would have been unable to utilize the water 
supplied and thus recovery immediately following in 2013 would be unlikely.  This slow 
recovery has been noted by other researchers (Heitschmidt et al. 1999).  
Conclusions and Implications 
 This study shows the importance of timing of moisture to response and recovery from 
drought in the Nebraska Sandhills.  The response to moisture during the drought year of 2012 did 
not result in the increase in production that was expected. This carried on into the 2013 growing 
season. With this understanding, even with moisture to end a drought period producers should be 
cautious when restocking as full recovery of a pasture may take several years.  The different 
timing of drought periods can also affect plant functional groups separately.  In our study, sedges 
were particularly hit hard by the timing and intensity of the drought while forbs, especially warm-
season species, actually benefited from an early drought with moisture in August.  Each drought 
is a unique set of circumstances that the producer must actively identify and utilize to best 
develop a proper management plan. 
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Figures 
	   	  
Figure A-1. Average monthly precipitation in cm at UNL Barta Brothers Ranch for 2012, 2013, and 
10-year average. 
	  
	  
Figure A-2. Average monthly temperature in ˚C at UNL Barta Brothers Ranch for 2012, 2013, and 
10-year average. 
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Figure A-3. Placement of 5 x 5 m2 plots on south facing dune slopes. 
	  
	  
Figure A-4. Total biomass production across functional groups by treatment for 2012. Columns with 
unlike letters differ (P < 0.1). Bars represent standard error. 
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Figure A-5. Total biomass production of sedges averaged across treatments for 2012 and 2013 as well 
as 10-year long-term average. Bars represent standard error. 
	  
	   	  
Figure A-6. Total biomass production of forbs across treatments for 2012.  Columns with unlike 
letters differ (P < 0.1). Bars represent standard error. 
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Figure A-7. Total biomass production of forbs across treatments for 2013.  Columns with unlike 
letters differ (P < 0.1). Bars represent standard error. 
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